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Abstract

Motivated by a chemical process engineering application, we introduce a new
concept constructor, namely an n-ary variant of the existential restriction, into
the Description Logic (DL) ££. We refer to the resulting logic as ££™ and to
its fragment that matches the needs of the real world application as restricted
gL,

Although the new constructor can be expressed in the DL ALCQ, its trans-
lation is exponential and introduces many expensive constructors, thus making
the translation-based reasoning impractical. In the present work, we design di-
rect algorithms for deciding the main inference problem, namely subsumption,
in restricted ££™. We show that reasoning in restricted ££™ is polynomial
when we allow for acyclic TBoxes. Additionally, we examine the complexity of
reasoning in (unrestricted) ££™ with general TBoxes. In particular, we show
that subsumption in ££™ with GCIs is EXPTIME-complete.

In order to test the practical efficiency of our approach, we implement the
polynomial algorithm for restricted ££™ with acyclic TBoxes in a system called
Eln. Comparison between Eln and the state-of-the-art DL reasoner Racer demon-
strates a considerable advantage of the direct algorithm over the translation-
based approach.
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Chapter 1

Introduction

Description logics (DLs) are a family of knowledge representation formalisms
that are designed to represent and reason about terminological knowledge. Fol-
lowing the ideas of semantic networks [Bra79] and frames [Min81], DLs provide
means for representing the knowledge of an application domain in a structured
and formally well-understood way. Similarly to their predecessors, DLs express
knowledge using concepts that capture the important notions of the domain and
roles that reflect relationships between domain objects. Using a variety of con-
cept constructors, concept names and role names that are atomic concepts and
roles, respectively, are combined into concept terms, or concept descriptions. For
example, the following is a concept term in the description logic ALC [SSS91]:

human M 3has_child.human M Yhas_child.male,

where human and male are concept names, has_child is a role name, and 3, V
and M are concept constructors. In contrast to semantic networks and frames,
DLs are equipped with a formal, logic-based semantics. Recalling the above
example, the meaning of the concept term is uniquely defined based on the
interpretation of the concepts human and male and the role has_child. More
precisely, this concept term captures exactly those parents that have only sons.

Usually, a DL-based reasoning system consists of a set of axioms, referred
to as the TBox, or terminology, and a set of assertions, referred to as the ABox.
TBoxes define complex concepts over the simple ones, thereby representing the
concept hierarchy. ABoxes are employed to assert relations between domain
individuals or to assign domain individuals to specific concepts. The stan-
dard inference services in a DL-based system include subsumption that verifies,
whether one of two given concepts is more general than the other one, and
satisfiability that checks whether a concept is consistent or not.

The expressiveness of a particular DL is usually characterized by the set
of constructors available in its syntax. There exists a huge diversity of DLs
varying from the ones of low expressive power, e.g., £ [Baa03] that contains



conjunction (C' M D) and existential restrictions (3r.C) as the only possible
constructors, to the very expressive logics, like, e.g., SHZQ [HST00] that along
with standard constructors includes qualified number restrictions, inverse and
transitive roles. In [BL84|, it was argued that there is a trade-off between
the expressiveness of a DL language and the tractability of reasoning in that
language. In other words, the more expressive the language, the harder usually
the reasoning. For example, subsumption in ££ can be solved in polynomial
time, whereas in SHZQ it becomes EXPTIME-complete.

In order to ensure a reasonable behaviour of a DL-based system, inference
problems for the DL underlying the system should be at least decidable, and
preferably of low complexity. Consequently, the expressive power of the DL must
be restricted in an appropriate way. Because of this restriction of the expressive
power of DLs, various application-driven language extensions have been recently
proposed in the literature, e.g., [BH93, CLN94, Sat96]. Some of these extensions
have been integrated into state-of-the-art DL systems [Hor98, HMO1].

The present work considers a new concept constructor that is motivated
by a process engineering application [TvWO04]. This constructor is an n-ary
variant of the usual existential restriction operator available in most DLs. In
this application, a rather inexpressive DL that provides only the new constructor
together with conjunction is sufficient. Therefore, we opt for ££, that allows for
conjunction and existential restrictions, as the underlying logic for our further
investigations.

1.1 The description logic ££

Having a rather simple syntax, the DL £L£ enjoys nice algorithmic properties.
It was recently shown that subsumption in ££ stays tractable with respect to
both acyclic and cyclic TBoxes [Baa03] and in the presence of general concept
inclusion axioms (GCIs) [Bra04]. Moreover, in [BBLO05], it was proven that
EL augmented with the bottom-concept L (and thus, disjointness statements),
nominals and concrete domains stays polynomial in the presence of GCIs and
role inclusion axioms (Rls).

Despite the simplicity of the syntax of £L£, there are application areas where
the expressive power of £L£ appears to be sufficient. For example, the Sys-
tematized Nomenclature of Medicine, referred to as SNOMED, employs £L
with an acyclic TBox [Spa00]. Large parts of the medical knowledge base
GALEN [RNG93] can also be expressed in £L with GCls and transitive roles [RH97].



1.2 The need for a more general existential quan-
tifier

The quest for extending the existing DLs by new constructors is always moti-
vated by a specific application area. The main motivation for this work comes
from the area of chemical process engineering, where the use of mathematical
modelling becomes more and more popular [Mar94, vW04]. The reason for us-
ing modelling is that it allows, e.g., to analyze the behaviour of a chemical plant
without building a real one but using a computer instead.

In [TvW04], it was argued that a DL-based reasoning system could be suc-
cessfully used to determine reusable parts of a chemical process or equipment.
The authors have also stated that the underlying DL should be able to ex-
press a more general existential quantifier that they refer to as an n-ary ez-
istential quantifier. We illustrate the need for this new constructor with the
following example. Assume that we want to describe a chemical plant that
has a reactor with a main reaction, and in addition a reactor with a main and
a side reaction. Also assume that concepts Reactor_with_main_reaction and
Reactor_with_main_and_side_reaction are defined such that the first concept
subsumes the second one. We could try to model this chemical plant using the
usual existential restriction as follows:

Plant M dhas_part. Reactor_with_main_reaction
Jhas_part. Reactor_with_main_and_side_reaction.

However, because of the subsumption relationship between the two reactor con-
cepts, this concept is equivalent to

Plant M dhas_part. Reactor with_main_and_side_reaction,

and thus it does not capture the intended meaning of a plant having two reac-
tors, one with main reaction and the other with a main and a side reaction. To
overcome this problem, we consider a new concept constructor of the form

ElT'.(Cl, .. 7Cn>

with the intended meaning that it describes all domain individuals that have n
different r-successors dy,...,d, such that each d; belongs to C;, i = 1,...,n.
Given this constructor, our concept can correctly be described as

Plant 1 3has_part.(Reactor_with_main_reaction,
Reactor_with-main_and_side_reaction).

In [TvWO04], it has been demonstrated that this new constructor can be ex-
pressed in the DL ALCQ [HB91]. Thus, the n-ary existential quantifier does not
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extend the expressive power of existing DLs. In fact, the translation of the new
constructor into ALCQ is exponential and, in addition, introduces many expen-
sive constructors such as disjunction and qualified number restrictions. For this
reason, even highly optimized DL systems like Racer [HMO01] cannot handle the
translated concepts in a satisfactory way. Moreover, in the process engineer-
ing application [TvWO04], the full expressiveness of ALCQ is not needed. The
DL £L£ augmented in a restricted way with the new n-ary existential quantifier
appears to be sufficient. The resulting logic is referred to as restricted £L£.

In the present work, we start with the DL ££ and investigate the effect
on the complexity of the subsumption problem that is caused by the addition
of the new constructor. We prove that the subsumption problem in restricted
EL™ remains tractable in the presence of acyclic TBoxes. In addition, we prove
that subsumption in ££ in the presence of GCls is EXPTIME-complete. In
order to test the practical efficiency of our approach, we implement the poly-
nomial algorithm for restricted ££M™ with acyclic TBoxes in a system called
Eln. Comparison between Eln and a state-of-the-art DL reasoner Racer shows
a considerable advantage of the direct algorithm over the translation-based ap-
proach.

The present work is organized as follows. In Chapter 2, we introduce the
syntax and semantics of the DL ££"™ and its restricted fragment and show
that subsumption between two restricted £L™-concept terms is polynomial.
Chapter 3 defines the notion of a restricted ££™-TBox and shows how to ex-
tend the polynomial algorithm developed in Chapter 2 in order to reason with
respect to this kind of TBoxes. In Chapter 4, we consider reasoning in the (unre-
stricted) logic ££. We show that subsumption in ££™ with general TBoxes
in EXpTIME-complete. In addition, we demonstrate that subsumption in the
extension of €L with the complement operator — is also EXPTIME-complete
in the presence of general TBoxes. In Chapter 5, we present the experimental
evaluation of the polynomial algorithm for solving subsumption in restricted
EL™ w.r.t. acyclic TBoxes that is developed in Chapter 3 and compare it with
a highly optimized DL system Racer. Finally, we make conclusions and propose
several directions of the future work in Chapter 6.



Chapter 2

The Description Logics gLn
and Restricted ££"

Our primary goal is to augment the DL ££ with a new constructor referred to
as the n-ary existential quantifier. In the following, we refer to this new DL as
EL™ . In the next two chapters, we consider a restricted variant of £E£™ that
matches the needs of the process engineering application [TvW04]. We refer to
this fragment as restricted EL™.

Firstly, we introduce the syntax and semantics of the logic ££M™ and its
restricted fragment, and then we consider the complexity of the main inference
problem in the restricted ££, namely the subsumption problem.

2.1 Syntax and Semantics

The set of restricted ££™-concept terms is inductively defined with the help
of the set of constructors, starting with a set N, of concept names and a set N,
of role names.

Definition 1 (Syntax) Let N. and N, be disjoint sets of concept and role
names, respectively. Then the set of £L™-concept terms is defined as follows:

o T is an EL™-concept term;
o cvery A € N, is an EL™ -concept term;

e IfC,D,Cy,...,C, are EL™ -concept terms, for somen >0, and r € N,,
then the following are EL™ -concept terms: C D, Ir.(Cy,...,C).

The application that motivates this work does not require the full expres-
sive power of the logic ££™. We define now the fragment of ££™ referred to



as restricted EL£™ which covers the needs of the process engineering applica-
tion [TvWO04]. Reasoning in the (unrestricted) logic ££™ will be considered in
more details in Chapter 4.

Definition 2 (Restricted ££™) Let N, and N, be disjoint sets of role and
concept names, respectively. Then the set of restricted €L -concept terms is
defined as follows:

e T is a restricted EL™ -concept term;
o cvery A € N, is a restricted EL"™ -concept term;

o IfP,....,P, € N, C},..., Cl'  are restricted EL™ -concept terms and

T,y Tm € Ny, where k,m >0, ny > 1,...,ny > 1 and r; # r; for all
i # 4, then the following is a restricted EL™ -concept term:

P0...MPN3r.(Cf,...,CL )M N3, (CF, ... ,C ).

In the following, we use r, r; and s to denote role names, A, B to denote concept
names, and C, D, C; and D; to denote concept terms (i = 1,2,...).

One should note that Definition 2 requires that in a restricted £L£™-concept
term PyM...MP,M3r.(CL,...,Cp ). .M3r,.(CF, ..., C ), all the role names
ri,...,r, are distinct. Thus, every role name can appear not more than once
in the same conjunction. This is the reason why we call the logic restricted. In
the Chapters 2 and 3, we will consider the restricted ££, only, and sometimes
we omit explicit usage of the word restricted for better readability.

Obviously, any restricted £L£™-concept term is an ££™-concept term. Thus,
it is enough to define the semantics for general ££™-concept terms.

Definition 3 (Semantics) The semantics for EL™ -concept terms is given by
means of interpretations

I= (Aza 'I)f

where AT is a non-empty set (usually referred to as the domain of the inter-
pretation T ), and X is a mapping which maps each concept name A to a set
AT C AT and each role name v to a binary relation r* C AT x AT. For complex
concept terms, we define the extension inductively as follows:

T = Al
(Cl M OQ)I = ClI N CZI
(EIr.(Cl,...,Cn))I = {xe A3y, € CF,... y, € OF (x,y;) € rf,1 < i < n,

We say, that a concept term C' is subsumed by a concept term D, written
C C D, iff for any interpretation I the following holds: C* C D*.



2.2 Graph representation of restricted £L£V-
concept terms

In order to justify that subsumption between two restricted ££-concept terms
is decidable in polynomial time, we follow [BKM99], where it was shown that
subsumption in £L corresponds to the existence of a homomorphism between
the description trees corresponding to the concept terms. This, in turn, showed
that subsumption between &£L-concept terms is decidable in polynomial time
since the existence of a homomorphism between trees is a polynomial time
problem.

For this reason, we represent restricted ££-concept terms as finite trees
referred to as EL£-description trees and interpretations as graphs referred to
as £LM-description graphs.

Definition 4 (££(-description graph) Let N, and N, be the sets of role
and concept names, respectively. An EL-description graph is a triple G =
(V,E, () where

o VV is a set of nodes,
o FECV x N, xV isa set of labeled edges, and

o (:V — 2N is a node labeling function.

An EL™ -description graph G = (V, E,{) is called £L™-description tree if
(V,E) is a tree. A subtree of an EL™-description tree T with the root node
v, is denoted T (v).

Considering an £L™-description graph G = (V, E, /), we define, for every
role name r € N,, an additional successor-function S : V' — 2V as follows:
SE(v) == {w|(v,r,w) € E}.

In order to construct an £L£-description tree for some restricted ££M-
concept term C, we use the notion of role depth of C' denoted as rdepth(C')
which is inductively defined as follows:

e rdepth(T) = rdepth(P, M ... M P) :=0, for any Py,..., P, € N, k > 0;

e rdepth(P M ... M P, M 3r.(Cf,...,CL ) M. 0 3y, (C,...,C ) =
1 4+ maz(rdepth(C1), . .., rdepth(C ), if m > 0.

Each restricted ££™-concept term C'= Py 1... M P, M 3r.(CY,...,CL )1
..M 3y, (CF,...,C ), can be inductively translated into the corresponding
ELM_description tree 7o = (V, E, £) as follows:

e If rdepth(C') = 0, then V := {vo}, E := 0 and {(vo) :={P,..., P }\{T}.
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e If rdepth(C) > 0, then for 1 <i <m, 1 < j < n; let T} = (V}, E}, (%) be
the inductively defined £L£-description trees corresponding to C’;, where
w.l.o.g., all the V;Z are pairwise disjoint. Let v;- denote the root of the tree
T7;. Then

- V:={v} U U Vi

7

- B={ri <i<mi<j<n}u U B
Py, P \{T =
- ) = {{ L PVTY o=

E;-(v), veVil1<i<m,1<j<n.

One can observe that the size of every component of the tree 7¢ is linearly
bounded by the size of C'. Thus, the size of the tree 7¢ is linear in the size of
C.

Conversely, any £L™-description tree 7 can be translated into the corre-
sponding £L™-concept term C7. For any £L£M™-description tree 7 = (V, E, ()
with root node vy, we denote the length of the maximal path in 7" as depth(7).
The translation procedure can now be defined by induction on depth(7):

e If depth(7) = 0 we know that V = {vg} and E = 0. If I(vg) = 0,
then Cr := T, otherwise, let ¢(vg) = {P1,..., Py}, k > 0, and we define
C’]’ Z:P1|_|...|_|Pk.

o If depth(7) > 0, then let {(vy) = {P1,..., P}, K > 0. We define

— C(v) to be the inductively defined ££™-concept term corresponding
to the subtree 7 (v) of T, for each v € V| and

— For every role name r € N, & :=3r.(C(v1),...,C(v,))

Finally, we define C'y := P, M... M P, M [ E,.
TGNT,STE(vo);ﬁ@

Similarly, any interpretation Z can be translated into an £L£™-description
graph Gr = (Vz, E7, (1) by setting

L VI = AI,
e Br:= |J {(v,r,w)|(v,w) € r*}, and
T‘ENT

e (7(v) :={P € N.|Jv e P*}.

Example 1 Let N, = {P,Q, R} and N, = {r,s}. Figure 2.1 shows the EL™-
description tree T and the graph Gz for the following EL™ -concept term C
and the interpretation I :



v, {P} {P}

/\

r r,S

{P,Q}b r,s c > {P,R}
V4 \j\ /

Ry R} {P} {Q} {Q.R}

V. V.

Figure 2.1: £L™-description tree 7¢ for the restricted £L™-concept term C (a)
and the £L£™-description graph Gz for the interpretation Z (b) from Example 1.

e C:=PnN3s.(R,R)N3Ir(P,Q),

o AT = {a,b,c,d}, PT := {a,b,c}, QF = {b,d}, R := {c,d}, T =
{(a,0),(a,¢), (a,d)}, s* == {(a,c), (a,d), (b,d), (c.d)}.

2.3 Subsumption in restricted gL

In this section, we show that subsumption between two restricted £€L£™-concept
terms corresponds to the existence of a local monomorphism between the cor-
responding £L™-description trees. In addition, we demonstrate that subsump-
tion in restricted ££™ is decidable in polynomial time, since the existence of
a local monomorphism between £L£-description trees is a polynomial time
problem.

Definition 5 (Local monomorphism) Let G; = (V;, E;, ¢;), i = 1,2 be two
EL™ -description graphs. A mapping h : Vi — Vs is called local monomor-
phism from Gi to Gy if the following conditions are satisfied for every node
veV:

(h1) t1(v) C l5(h(v)), and

(m1) For all v € N,, if SF*(v) = {wy,...,w,} for some n > 0, then there
exist pairwise distinct wy, ..., w), € SF(h(v)) such that w} = h(w;), for
1=0,...,n.

Recalling Example 1, we note that for the concept term C' and the interpre-
tation Z, there exists a local monomorphism h : 7o — Gz that can be defined,
e.g., as follows: h(vg) := a, h(vy) := d, h(ve) := ¢, h(vs) := b, h(vy) = d.



Indeed, h satisfies all conditions that a local monomorphism should satisfy ac-
cording to the Definition 5.

Theorem 1 Let C be a restricted EL™-concept term, To = (Vi, Ey, 01) the
corresponding L™ -description tree with root vy, and T = (AT, 1) an interpre-
tation with the corresponding graph Gr = (Va, By, {y). Then for every a € AT,
the following are equivalent:

1. a e C?

2. There exists a local monomorphism h : T — Gz with h(vy) = a.

Proof

(1 — 2) Let a € C*. We prove the existence of an appropriate local monomor-
phism A by induction on rdepth(C).

Base case. Let rdepth(C') = 0. Then C' = P, M ... M Py, ie., li1(vy) =
{Py,...,P.}. Since a € C%, then in particular a € PIN...NPL ie., {P,..., P}
C ly(a). Thus, ¢1(vg) C l3(a), and the mapping h such that h(vg) = a satisfies
Condition (h1) from Definition 5. Condition (m1) is trivially satisfied by h
since SE1 = () for each role name r € N,.

Induction step. Let rdepth(C') = n, for some n > 0. Assume that C' = P;
L MPN3r(CL, .., CL )N M 3ry, (O, ..., C ). Since a € CF, for every i €

{1,...,m}, there exist n; pairwise distinct r;-successors b’ . . . , b;t of the node a
such that b} € (C{)I, RN (C’ZL)I Let 77, ..., 7, be the £L£M™-description
trees corresponding to Cf, ..., , respectively. Let v} denote the root of the
ELM-description tree 77, for each 7 = 1,...,n;, and assume without loss of
generality that all the trees 7} are disjoint. Obviously, rdepth(C}) < n for all j,
which by induction hypothesis yields the existence of a local monomorphisms
W T — Gg with hi(vl) = b, for each j = 1,...,n;. We define the mapping
h as follows:
h(v) = “ %f ! - o ,

hi(v), if v is a node of some tree 7}
and show that h satisfies the conditions (h1) and (m1), for every node v of the
tree 7c. Let v € V| be an arbitrary node of 7. We make a case distinction.

Case v = vy. Analogously to the base case, ¢1(v) = {Py,..., P} C l2(a)
satisfying (h1). The condition (m1) is satisfied for v = v since by construction
of h, h(vl) = b}, for every i € {1,...,m}, j € {1,...,n;}, where {v},...,v} } =
SP(vg) and {05, ...,b;, } C SF?(a) with all the b pairwise distinct.

Case v # vg. Since v # vy, v is a node of a tree 7/, for some ,j. The
mapping h satisfies the conditions (h1) and (m1) for v, since for all nodes w of
the tree 7/, h(w) = h%(w) and R} is a local monomorphism from 7} to Gz.

(2 — 1) Let h be a local monomorphism from 7¢ to Gz such that h(vy) = a.
We show that @ € C% by induction on depth(7¢).
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Base case. Let depth(7¢) = 0. Then C = PiM...MP, and V; = {v}, By = 0.
Since h(vg) = a and h satisfies (h1), we know that { Py, ..., P} = {1(vg) C la(a).
Thus, a € PEN...NPE=C~

Induction step. Let depth(Z¢) = n, for some n > 0. Then C'= P, M1...T]
P, 3r.(Ct,...,Ch )1 .M 3ry,.(CF, ..., C ). Analogously to the base case,
we know that a € PFN...NPL. We show now that, for every r; € {r1,..., 7},
a € Iri.(Cf,...,C}). Since h satisfies (m1), we know that there exist pair-
wise distinct nodes 0,...,b, € S2(a) such that h(v}) = bi,... h(v.) =
bili, where v;'» is the root of the tree ’Z;’ corresponding to the concept term
Cj, for every j = 1,...,n;. Induction hypothesis then yields the following:
vie (CHE,... b, € (Ci)E, making a € 3r;.(CY,...,C ). Thus,a € CT. O

We are now ready to characterize subsumption in ££.

Theorem 2 For any restricted EL™ -concept terms C and D, the following are
equivalent:

1. CCD

2. There exists a local monomorphism h : Tp — T which maps the root of
the EL™ -description tree Tp to the root of the EL™ -description tree Te.

Proof (2 — 1) It suffices to show that, for each interpretation Z = (AZ,.7) and
each a € AT, we have a € C? implies a € D?.

Assume a € C%. Then, Theorem 1 yields existence of a local monomorphism
g : 7 — Gz such that g(w) = a, where w is the root of the tree 7. The
composition g o h : Tp — Gz that is defined as (g o h)(u) := g(h(u)) is a local
monomorphism with g(h(v)) = g(w) = a, where v is the root of the tree 7p.
Again, with Theorem 1, we obtain that a € DZ.
(1 — 2) Assume that there exists no local monomorphism from 7, to 7¢ such
that v is mapped to w. The £L£™-description tree 7o can be viewed as an
ELM-description graph, i.e., there exists an interpretation Z such that the
ELM-description graph Gr of T coincides with 7. For the element w € AT, we
have:

e w € C%, since the identity mapping is a local monomorphism from Z¢ to
7Tc = Gz that maps w to w.

e w ¢ DZ, since there exists no local monomorphism from 7p to 7¢ that
maps v to w.

This yields the desired result C' IZ D. UJ

11



Theorem 2 establishes the correspondence between the subsumption prob-
lem in restricted ££ and the existence of a local monomorphism between
ELM™-description trees. In order to show that subsumption in restricted ££™
is polynomial, we have to show that the existence of a local monomorphism
between the respective trees can be decided in polynomial time. For this, we
employ a slight modification of the algorithm proposed in [BKM99]. But before
doing so, we revise some additional notions from graph theory.

Definition 6 (Bipartite graph) A triple G = (1,0, F) is called a bipartite
graph if I and O are disjoint sets of vertices and E C I x O 1is a set of edges
such that each edge e € E s incident to two nodes a € I and b € O.

The partitioning of the set of vertices of a bipartite graph into two partitions
I and O is crucial in the context of finding the so-called matching within the
graph.

Definition 7 (Matching) Let G = (1,0, E) be a bipartite graph. A matching
in G is a set of edges M C E, such that for all my,my € M, if my = (ay,by)
and my = (ag, by) then my # my implies a1 # as and by # by. A matching M
1s called maximum in G if it has the maximum cardinality among all possible
matchings in G. A matching M s called left-total if for each a € I there exists
a node b € O such that (a,b) € M.

One should note that a maximum matching in a bipartite graph must not
be unique. It is possible to have several different maximum matchings with the
same cardinality.

Let 7o = (Vi, By, 4h), and Tp = (Va, By, £s) be two ELM™-description trees
with root nodes v; and vq, respectively. Assume that we check the existence of
a local monomorphism from 7p to 7.

First, we introduce an additional marking function ¢ : V4 — 2"1. The
meaning of ¢ can be described as follows: w € ¢ (v) iff there exists a local
monomorphism A’ : Tp(v) — Z¢(w) with A/(v) = w. Thus, the required local
monomorphism h : Tp — 7o exists if vy € £/(vy).

The marking function is constructed bottom-up. Namely, for a node v € V5,
we check whether the following conditions are satisfied, for each node w € V;:

(h1’) £y(v) C by (w),

(m1’) For each r € N, there exists a left-total matching M in the bipartite graph
G = (SFP2(v), SP (w), E), where E := {(az,a1) € SP(w) x SP2(v)]a; €
U'(as)}.

The marking function ¢'(v) contains precisely those nodes w € V; that satisfy
the above Conditions (h1’) and (m1’). Due to the bottom-up construction, the
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relevant markings for the nodes from V5 that are successors of v have already
been computed before processing the node v itself. The algorithm performs
O(n®uar(n)) steps, where n is the size of the input and z(n) is the complexity
of the problem of finding a left-total matching in a bipartite graph G = (I, O, E)
with |[IUQO| = n. This problem can be reduced to finding a maximum matching
M in G and checking, whether |M| > |I|. In the literature, there exist sev-
eral algorithms for solving the maximum matching problem, including the one
in [HK73] with the complexity bounds of O(n®/?).

The following Lemma states the correctness of the algorithm for construction
the marking function ¢'.

Lemma 3 Let T, = (Vi, E;, 4;), i = 1,2, be two EL™ -description trees. Then,
for every vy € Vi and every vo € Vs, if v1 € {'(vy) then there exists a local
monomorphism h : Ta(ve) — T1(v1) with h(vy) = vy.

Proof We reason by induction on depth(Z3(v2)).

Base case. Let depth(%(vz)) =0, i.e., vy is a leaf node. By construction of
the marking function ¢, for every vy € Vi, vy € '(vy) iff l3(vy) C ¢1(v1). But
then, a mapping h : To(ve) — 71(vq1) with h(ve) = vy satisfies the condition
(h1) of being a local monomorphism. The condition (m1) is trivially satisfied
by h, since SF2(vy) = (), for each r € N,..

Induction step. Let depth(’]}(vg)) = n, for some n > 0. Let v; be an
arbitrary node of the tree 77 such that v; € ¢'(vs). Since vy € ¢'(v9), we know
by condition (h1’) that f5(ve) C ¢1(vq). The condition (m1’) together with the
definition of a left-total matching imply that for every role name r, if SZ2(vy) =
{w?,...,w"} then there exist pairwise distinct nodes u7, ..., u" € S¥1(v;) such
that u} € ¢'(w]),...,ul, € ¢'(w]). By induction hypothesis, the latter implies
the existence of local monomorphisms A} : 77 (w!) — To(u}) with Al (w]) = ul,
fori=1,... n.

Thus, we can construct a local monomorphism h : 7;(v;) — T3(v2) as
follows:

TOEE S
hi(v), ifvis a node of T;(w?), for some r € N,, w! € SE (v))
U

Based on the aforementioned observations, we can now state the main result
of this section.

Theorem 4 Subsumption in restricted EL™ can be decided in polynomial time.
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Chapter 3

Reasoning in restricted gLn
with respect to acyclic TBoxes

In the previous chapter, we have shown that subsumption between two restricted
EL™-concept terms can be decided in polynomial time. In this chapter, we
investigate the complexity of subsumption in restricted ££ with respect to
acyclic terminologies (or TBoxes, for short).

Similar to the case of restricted £L£-concept terms, we show that sub-
sumption in restricted EL£™ w.r.t. acyclic TBoxes corresponds to the existence
of an embedding between the corresponding £L£-description forests. We also
provide a polynomial time algorithm for verifying the existence of such an em-
bedding.

3.1 Restricted ££™-TBoxes

Here, we define formally the notion of a TBox and then we look closely at how
allowing for TBoxes influences the complexity of subsumption.

A concept definition is a definition of the form A = D, where A is a concept
name and D is an £L™-concept term.

An acyclic EL™-TBox is a set of concept definitions 7 = {A; = Dy,..., A, =
D, } that contains no definitions B, = C4,..., B, = C,, € T, m > 0 such that

e (; contains B; 1, for 1 <i < m and
e (C,, contains B;

and satisfies the condition that, for every concept name A, there is at most one
definition A = D in 7, for some EL"™-concept term D. The concept names
Ay, ..., A, are called defined and the set of defined concept names is denoted
with Nge¢. The concept names that are not defined are called primitive.
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Any defined concept name can be expanded with respect to an acyclic TBox
7. By expanding we mean exhaustively replacing every defined concept name
A with the corresponding concept term D, where A = D is the definition of A
in 7. Since we consider now only restricted concept terms, we should guarantee
that expanding preserves restrictedness of concept terms.

Definition 8 (Restricted ££™-TBox) Let T = {A, = D,,..., A, = D,}
be an acyclic EL"™-TBox. Its expansion is the set of concept definitions T' =
{A;, = Dy,..., A, = D.,}, which is obtained by expanding all concepts on the
right-hand sides of the definitions in T. T is called a restricted £L£M™-TBox,
if in the expansion T' of T, every D) is a restricted EL™ -concept term, for
1=1,...,n.

In the rest of this chapter we will use the notions of restricted EL™-TBox
and £L£™-TBox interchangeably, with both terms meaning a restricted ££-
TBox.

Definition 9 (Semantics) An interpretation T = (AZ,-1) is called a model
for a TBox T iff, for every A= D € T, AT = D*. A concept term C is said
to be subsumed by a concept term D with respect to 7T, written C Tr D iff
CT C D? for every model T of T .

The notion of an £LM™-TBox is illustrated with the following example.

Example 2 Let 7 be the following set of concept definitions:

T:Z{Al = P1|_|E|T1.(P1,P2,P3)
A2 = A1|_|A3|_|P2|_|E|7"2.(P3,P4)
Ag = P2|_|P3|_|3T3.(A1|_|P2,P3)},

where Py, Py, P3 are primitive concept names and r1,ro,73 are role names. It is
easy to see that T is an acyclic EL™-TBox. In order to check whether T is
restricted, we build the expansion T' of T :

Ay = PINP N P3N 3r (P, Py, Ps) M 3ra.(Ps, Py) N 3r3. (A 11 P, Ps)
A3 = P2|_|P3|_|E|7’3.<A1|_|P27P3>}7

Since all the concept terms on the right-hand sides of the definitions in T’
are restricted EL™ -concept terms, T is indeed a restricted EL"™ -TBou.

3.2 &LM-description forests

In this section, we extend the notion of ££™-description tree from a single con-
cept term to a TBox. When building such extension, one should be particularly
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careful since one concept definition in a TBox may contain concept names de-
fined in other concept definitions. The extended structure should reflect these
dependencies.

Definition 10 An extended £L£™-description graph is a structure G = (V, E,(,E),
where

o (V,E,0) is an EL™ -description graph, and
e £ is a binary relation on V.

An extended £L™ -description graph G = (V, E, (,E) is called €L™-description
forest if (V, F) is a forest.

ELM-description forests are used to represent £L£-TBoxes, whereas ex-
tended E£L-description graphs represent interpretations. The construction
of extended £L£™-description graphs and £L£™-description forests proceeds as
follows.

Let 7 = be an interpretation. The extended £L™ -description graph corre-
sponding to T is the tuple Gz = (V| E,(,E), where

o (V,E, () is the £L™-description graph corresponding to Z,
e & is the empty relation.

Let 7 ={A, = Dy,..., A, = D,}, n >0, be a restricted ££™-TBox. For
1 <i<n,let7; = (Vi, E;,{;) be the £EL£M-description tree corresponding to
D; with v; denoting the root of 7;. W.l.o.g., assume that all V; are pairwise
disjoint. The EL™-description forest Fr := (V,E,(,&) corresponding to T is
defined as follows:

o V = U ‘/;17
1<i<n

e £:= | E;,
1<i<n

o for every v € V, £(v) := {;(v) \ Naep, 1 <@ <,
o £ECV x{vy,...,v,} is defined as follows:
E={(v,v)|Fje{l,...,n}weV; A €l;(v)}

The binary relation & in the definition of an extended &£L£(™-description
graph G = (V,E,(,&) plays a crucial role in the construction of the £L£-
description forests for restricted ££™-TBoxes. Thus, we state the meaning of
& explicitly.
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Two nodes v; and vy are in the reflexive-transitive closure £* of &, i.e.,
(vg,v1) € £ if the node vy in addition to its own labels and connected nodes,
inherits those of the node v;.

Assume that we are given a TBox 7 consisting of two concept definitions
A; = C and Ay, = A; N D, where C and D are £L£™-concept terms. Note,
that the definition of A, contains the defined concept name A; as a top-level
conjunct. If we were to construct an €L™-description tree 75 for the definition
of A, with respect to 7, we would need to insert a copy of the £L£™-description
tree 77 built for the definition of A; into 75. In general, such expanding of
concept definitions and their corresponding £L£-description trees leads to an
exponential blow-up.

In order to prevent such expensive construction, we employ the so-called
structure sharing technique by means of the relation £. Namely, in order to
reflect the top-level dependency between concept names A; and As, we simply
require that the root nodes v; and vy of the corresponding trees 7; and 7, are
in the relation £.

We illustrate the construction of an €L£-description forest and the impor-
tance of the relation &£ by the following example

Example 3 Let 7 be the TBox defined in Example 2, i.e.

TI:{Al = P1|_|E|7’1.<P17P27P3)
AQ = A1|_|A3|_|P2|_|E|T2.(P3,P4)
Ag = P2|_|P3|_|E|7“3.(A1|_|P2,P3)}.

Figure 3.1 shows the EL™ -description forest Fr that corresponds to the TBox
T. The relation & is depicted by means of dashed lines.

One should note that the relation £ in the £L£-description forest corre-
sponding to the expansion T’ of some TBox 7 is always empty, and thus, such
a forest can be seen as an extended £L(™-description graph corresponding to
some interpretation 7.

In order to exploit the structure sharing technique explained above, it is
necessary to introduce additional notions.

Definition 11 Let F = (V,E,(,E) be an EL™ -description forest. Let £ be
the reflexive-transitive closure of €, and let £*(x) = {2'|(z,2’) € E*}. We
define an additional labeling function ¢* : V — 2Ne as follows:

Fa)= U ).

z'e€*(x)

Similarly to the case of £L£-description trees, we define the £LM™-concept
term C'(v) corresponding to a node v € V' as follows:
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YA Y (R (R

Figure 3.1: £L£M™-description forest Fr for the TBox 7 from Example 3.

Clv):= [] PN [ N 3r.(C(w),...,Cv)),
Pet+(v) re N,
w € E*(v),

0 #{vi,...,v.} = SE(w)

where SE(w) = {ul(w,r,u) € E}.
Note that C'(v) does not contain defined concept names; it is an £€£™-concept
term that is expanded with respect to the underlying TBox. Thus, in particular,
C'(v) is restricted if the TBox is restricted.

3.3 Subsumption in restricted ££" with acyclic
TBoxes

Analogously to the case of restricted ££M™-concept terms, we exploit graph
representations in order to prove the tractability of subsumption in restricted
EL™ w.r.t. acyclic TBoxes. We characterize the subsumption problem between
two concept names A and B defined in an ELM™-TBox T by the existence of
an embedding between the roots of the £L£-description trees corresponding
to the definitions of A and B, respectively.

Let F = (V,E,{,€) be an extended &£L£™-description graph. We define the
function reach : V' — 2V as follows: For each w € V, reach(w) C V is the
smallest set such that

e w € reach(w),
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e if v € reach(w) and (v,r,u) € E, for some r € N,, then u € reach(w),
e if v € reach(w) and (v,u) € £, then u € reach(w).

Intuitively, reach(w) contains exactly those nodes v € V, that are reachable
from w via the edges from F U £.

Definition 12 (Embedding) LetG; = (V;, E;, ¢;, &), i = 1,2, be two extended
EL™ -description graphs. Let vi € Vi and vy € Va. An embedding from vy to
vg 1s a binary relation H C reach(vy) X reach(vy) with (vi,v2) € H such that,
for each (v,u) € H:

(s1) €;(v) C l3(u), and

(s2) for allr € Nr, if SEY(v') = {vy,...,v.}, for somen >0, v € £ (v), then
there ezists u' € E5(u ) and pazrwzse distinct uy, . .., u, € SE2(u') such that
(vi,u;)) € H, fori=1,.

vy 1s embeddable into vy if there exists an embedding from vy to vs.

The notion of embedding allows us to characterize a relation between ele-
ments of an interpretation and the nodes of an ££™-description forest.

Theorem 5 Let T be a TBox with the corresponding £L™-description for-
est Fr = (Vi, By, 01,&), and T an interpretation with the extended £LM™-
description graph Gr = (Va, Ey, 05, &). Then for every w € Vi, a € Va, the
following are equivalent:

1. a € C(w)t,
2. There exists an embedding H from w to a.

Proof (1 — 2). Let a € C(w)%. We prove the existence of the embedding H
from w to a by induction on cdepth(C(w)).

Base case. Let cdepth(C(w)) = 0, ie., C(w) = Py ... P, Then
Gi(w) ={P,..., P}, SEr(u) = 0, for each u € & (w) and each r € N,. Thus,
reach(w) = & (w). We define the embedding H as follows: H:= |J {(u,a)}.

u€lf (w)
Obviously, since w € & (w), we have that (w,a) € H, and now we show that H
satisfies Conditions (sI) and (s2) from Definition 12.
(s1) holds since the assumption that a € C(w)? implies that, for each u € &;(w),
Condition (s2) is trivially satisfied since St (u) = (), for each u € & (w), r € N,

Induction step. Let cdepth(C(w)) =n > 0, ie., C(w) = P ... 11 P, I
3r.(C1,...,Ch)N...N3ry,.(C,...,C ). Foreachi=1,...,m,j=1,...,n,
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let ’];l denote the £L-description tree corresponding to C; in the ££M-
description forest Fr. With v} we denote the root of 7. We note that
any node from reach(w) either equals w or is a node of some tree ’]7 Since

a € C(w)? then, in particular, for every i = 1,...,m, a € (3r;.(C},. .. ,C’fli))z

and thus there exist pairwise distinct nodes bf,...,b, € SF2(a) such that
S (C{)I, . ,'bf“ € (C}ll)z By induction hypothesis, there exist embed-
dings ‘Hj from v} to b}, for each t = 1,...,m, j=1,...,n;. We define now the

embedding H as follows:

H= U {(u,a)}U UH;
uely (w) 2%}
and show now that H satisfies the conditions (s1) and (s2).

(s1). Let (u,b) € H. Case b =a. Then ¢;(u) C s(w) ={P,..., Py}. Since
a € C(w)t, {P,..., P} C i(a), and thus ¢;(u) C ¢5(b). Case b # a. Then
(s1) is satisfied by H, since (u,b) € H} and H} is an embedding.

(s2). Let (u,b) € H, r € N, and S¥'(u) = {uy,...,u,}. Case b = a.
Then r = ry, for some i € {1,...,m} and {uy,...,u,} = {v},..., v} }. By
construction of H we have that

(v}, 0) € H,..., (v} b, ) € H with all b},...,b, being pairwise distinct
elements of S2(a). Thus, (s2) is satisfied. Case b # a. Then (s2) is satisfied
by h for u since in this case (u,b) € H; and Hj. is an embedding.

(2 — 1). Let H be an embedding from w to a. We prove by induction on
cdepth(C(w)) that a € C(w)*.

Base case. Let cdepth(C(w)) =0, i.e., C(w) = P;,M...MP;. Then (j(w) =
{P1,...,P}. By condition (s!) we know that {Py,..., P} C l5(a) = l3(a).
Thus, a € P N...N P! = C(w)t.

Induction step. Let cdepth(C(w)) =n > 0, ie., C(w) = P, 1.1 P, I
Ir.(CL, ..., Oy )N 3r, (CF, ... ,C ). Foreachi=1,....,m,j=1,...,n,
let 7, denote the £LM-description tree corresponding to C? with v} denoting
the root of ’Z;’ Analogously to the base case, we have that a € PI N ... N PZ.
We show now that a € Ir;.(C1,...,C% )%, for an arbitrary index i € {1,...,m}.
By condition (s2), we know that there exist pairwise distinct nodes b, ..., b, €
SP2(a) such that (v}, b)) € H,..., (v, b)) € H.

Since H is an embedding from w to a then, in particular, the conditions (s1)
and (s2) are satisfied, for each (u,b) € H.

We define now relations Hi,..., H}, by setting H} = {(u,b) € Hlu €
reach(v/)}, for each j = 1,...,n;. Obviously, reach(v}) C reach(w), and thus
each Hj is, by construction, an embedding from v; to b;. By induction hy-

pothesis, we have that b} € (C’(v}))z = (C})I, for j = 1,...,n,;. Since all b’

are pairwise distinct, we obtain the required result that a € Jr;.(CY, ... ,C’,’%)Zj
Thus, a € C(w)*. O
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Theorem 5 establishes a connection between a node of an ££(™-description
forest and a node of an interpretation. Let 7 = {A; = Dy,..., A, = D,,} be an
acyclic £LM-TBox, for some n > 0, with the corresponding £L£™-description
forest Fr = (V,E,(,E). Let v; € V be the root of the £L£M™-description tree
7; corresponding to the ££M™-concept term D;, for some i € {1,...,n}. From
the definition of the function C(w), it follows that C(v;) is the £L£™-concept
term D, expanded with respect to the TBox 7. Or alternatively, C(v;) = Dj,
where {A; = Dj,..., A, = D/} is the expansion 7’ of 7. Since any TBox 7
is equivalent to its expansion 7’ [BCM*03], the £L£™-concept terms D; and
D! are equivalent, i.e., for any interpretation Z = (AZ,.7), for each a € AT,
a € DY if and only if a € D/F. Thus, D; and C(v;) are equivalent, which lets us
conclude with the following proposition.

Theorem 6 Let T = {A; = Dy,..., A, = D,} be a TBox with the corre-
sponding EL™ -description forest Fr and I an interpretation with the extended
EL™ _description graph Gz = (Va, Ea, la,&). Then for every defined concept
name A;, i € {1,...,n} and any node a € Vy, the following are equivalent:

1. a € AL,
2. There exists an embedding H from v; to a,
where v; is the root of the EL™ -description tree T; corresponding to D; in Fr.

In the following, we extend the polynomial algorithm that has been intro-
duced in Chapter 2 for deciding subsumption between restricted £L£-concept
terms to the case of EL™-TBoxes. Let C; and Cy be two &C(”)—Concept terms,
7T a TBox and assume that we are requested to decide whether C5 subsumes
C: with respect to 7, i.e., whether C; E7 (5. We reduce the subsumption
problem from restricted concept terms to defined concept names by introducing
two new concept definitions A; = C; and Ay = C5 to 7, where A; and A,
are new concept names. In effect, we obtain a new TBox 7’ and the problem
of whether C5 subsumes C; w.r.t. 7 is reduced to the problem of whether A,
subsumes A; w.r.t. 7'.

The following Theorem establishes the characterization of the subsump-
tion problem between two defined concept names A; and A, with respect to
a TBox through the existence of an embedding between the roots of the ££-
description trees that correspond to the definitions of A; and A, in the expanded
ELM_description forest (i.e., in the £L£M™-description forest corresponding to
the expansion of the TBox).

Theorem 7 Let T be a TBox T its expansion and Ay, Ay two defined concept
names. Let F be the EL™ descmptzon forest corresponding T, and v and v,
the roots of EL™ -description trees T; and Ty in F that correspond to A, and
Ao, respectively. Then the following are equivalent:
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1. Ay T4 As.
2. There exists an embedding H from vy to vy.

Proof (2 — 1). It suffices to show that, for an arbitrary model Z = (AZ, .7) of
T and each a € AZ, we have that a € AT implies a € AZ.

Assume a € AZ. By Theorem 6, there exists an embedding G from v; to
a. Since the relational composition G o H = {(u,w) € Vi x Vi|Tv.(u,v) €
HA (v,w) € G} is an embedding from vy to a, by Theorem 6, we obtain that
a€ Al
(1 — 2) Assume that there exists no embedding from v, to v;. Let Z = (Af,.T)
be the interpretation such that its corresponding extended &L(™-description
graph is F. For the element v; € AZ, we have:

e U € A{ , since the identity relation is an embedding from v; to v.

e vy ¢ AZ, since there exists no embedding from vy to v;.

Hence, Ay L7/ As. O

Theorem 7 uses embeddings in the expanded £L£-description forest as a char-
acterization of subsumption. However, working with expanded TBoxes and
forests is very inefficient, since they are of exponential size in the size of the
original TBox or forest. We now establish a similar characterization of sub-
sumption using embeddings in (unexpanded) £LM™-description forests.

Before doing so, we look more closely at expanded £ £™-description forests.
As we mentioned above, similarly to building the expansion 7 of a TBox 7T,
one can see the construction of the ££-description forest F corresponding to
T as the expansion of the forest F = (V,E,¢,&) corresponding to 7. During
the expansion of the forest F, one should eliminate all £-links as follows: for
every (u,v) € £, one makes a copy of the tree in F which has the root node v
and plugs a copy under the node u. After this operation is done, the pair (u,v)
can be removed from £, and one proceeds until £ = 0.

When the expansion process of F is accomplished, one should observe the
following properties of the resulting ££™-description forest F = (V, E0E ):

(e1) € = 0 and thus, for every u € V: £*(u) = {u} and *(u) = {(u);

(e2) there are families of nodes {uy,...,u,} C V that consist of copies of some
node u € V. For each u € V| we denote the set of all copies of u (including
u itself) that have been created during expansion as ¢(u). Thus, in our
example, d(u) = {u,uq, ..., u,};

(e3) For each u € V, if 0(u) = {u,uy,...,u,}, for some n > 0, then £*(u) =
C(ug) = ... =0 (up) = Luy) = ... = Uuy).
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For simplicity we assume that V' C Vand ECEFE , 1.e., that the expansion F
of a forest F contains F itself. Thus, for every node u € V,uesd (v), for some
v € V, i.e., every node in the expanded forest is either a node in the original
one or a copy of such a node. The same holds for the edges in E.

The latter observation lets us show that embeddability is preserved under
the expansion of an £L-description forest. Indeed, assume that, for some
vy, V9 € V, there is an embedding H from v; to Vg in F and we need to construct
an embedding H from v; to vy in F. Since F consists of F and additionally
copies of nodes and edges from F, we need to extend H using the function ¢ as
follows: H := {(«/,v')|3u,v € Vi.(u,v) € H, (W, v') € 6(u) x 6(v)}.

Conversely, suppose that H is an embedding from v; to vy in F. Note that
we can construct an embedding ‘H from v; to vy in F only if vy, v9 € V. This is
the case, e.g., when vy, vy are the root nodes of the ££-description trees that
correspond to definitions of some defined concept names Ay, As, respectively. If
v1,v2 € V then, in particular v; € §(v;), i = 1,2 and the following restriction H
of H is an embedding from v; to vy in F: H := HN (V x V).

Thus, we can conclude that, for any nodes v,u € V, there exists an embed-
ding H from v to w in F iff there exists an embedding H from v to u in F. The
latter statement together with Theorem 7 results in the following characteriza-
tion of subsumption in EL£™ w.r.t. restricted ££™-TBoxes.

Theorem 8 Let T be a restricted EL™ -TBox with the corresponding L™ -
description forest F. Fori = 1,2, let A; be a defined concept name and v; be
the root of the EL™ -description tree in F that corresponds to the definition of
A; in T. Then the following are equivalent:

1. Ay C1 A,
2. There exists an embedding H from vy to vy.

It remains to provide an algorithm for verifying the existence of an embed-
ding and to show the polynomial runtime of the algorithm. Let Fr = (V, E, ¢, &)
be the £L£™-description forest corresponding to the TBox 7. Let v; be the root
of the £L£™-description tree corresponding to the definition of A; in 7, i = 1, 2.
Analogously to the case of single ££(™-concept terms in Chapter 2, we introduce
an additional marking function ¢ : reach(vy) — 2@h(1) with the following
intended meaning: w € ¢(v) iff there exists an embedding H' from v to w.
Obviously, there exists an embedding H from vy to vy, if v; € €'(ve).

The marking function is constructed bottom-up, i.e., starting with the nodes
that have no successors with respect to £ and £ and terminating at the node
v9. For a node v € reach(vy), we check for each node w € reach(v;), whether
the following conditions are satisfied:

o (*(v) C & (w),
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e For each r € N, and for each v/ € &£*(v), there exist w' € £*(w) and
a left-total matching M in the bipartite graph G = (SE(v'), SF(w'), E'),
where B’ := {(ag,a;) € SF(v') x SE(w')|a; € '(az)}.

The marking function ¢(v) contains precisely those nodes w € reach(v;)
that satisfy these conditions. Due to the bottom-up construction, the relevant
markings for the nodes from reach(v,) that are successors of v have already
been computed before processing the node v itself. The algorithm performs
O(n’pa(n)) steps, where n is the size of the input, py(n) is the complexity of
the problem of finding a left-total matching in a bipartite graph G that contains
n nodes. As we have shown in Chapter 2, p/(n) is polynomial in n.

Thus, our algorithm for verifying the existence of an embedding is of polyno-
mial complexity in the size of input. It implies the major result of this chapter
which is reflected in the following theorem.

Theorem 9 The subsumption problem in restricted EL™ with acyclic TBozes
can be decided in polynomial time.
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Chapter 4

Reasoning in unrestricted gL
with general TBoxes

In the previous chapters, we were considering the restricted extension of the
description logic ££ with the new constructor 3r.(Cy,...,C,) that we called
restricted EL™ . We have shown that subsumption in restricted ££™ is poly-
nomial when we consider two isolated concept terms as well as in the presence
of restricted acyclic TBoxes. In this chapter, we investigate the complexity of
subsumption in unrestricted £L™ with respect to general TBoxes. We show
that, in this case, reasoning is no longer tractable since it becomes EXPTIME-
complete.

The syntactic restriction adopted in restricted £ was that in a concept
term, it is disallowed to have more than one existential restriction for the same
role name at the same conjunction level. In this chapter, we abolish this require-
ment. Additionally, we no longer require TBoxes to be acyclic and to contain
concept definitions, only.

The syntax and semantics of the logic ££™ were defined in Chapter 2. Now
we define the notions of a general concept inclusion axiom and a general TBox.

A general concept inclusion(GCI) axiom is an axiom of the form C' C D,
where both C and D are ££™-concept terms. A general TBoz is a finite set of
GCIs. General TBoxes can also express concept definitions of the form A = C
with the help of two GClIs: AC C and C C A.

An interpretation Z is a model of a general TBox 7 if for every C C D € T,
we have that C7 C DZ. As before, we say that a concept term C) is subsumed
by a concept term Cs with respect to a general TBox 7, written C; T Cs, if
Ct C 7, for every model Z of T.

In the following, we show that allowing for unrestricted £L£™-concept terms
and GCIs dramatically effects the complexity of the subsumption problem.
Namely, subsumption becomes EXPTIME-complete.

As usual, we prove EXPTIME-completeness of subsumption in ££™ with
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general TBoxes in two phases. Firstly, we show that subsumption is EXPTIME-
hard, and secondly, that it is in EXPTIME.

Theorem 10 (ExpTime-hardness) Subsumption in £L™ is ExPTIME-hard
in the presence of general TBoxes.

Proof The result follows directly from the fact that the logic ££22, which is
the extension of £L£ with at-least restrictions of the form (> 2 r), is EXPTIME-
complete in the presence of general TBoxes. The logic ££22% is a fragment
of ELM since the constructors T and M are present in EL£ directly, and
the remaining constructors of ££22 can be linearly translated to ££™ ones as
follows:

e Ir.C'=3r.(C);
e (>2r)=3r(T,T).

The proof of the EXPTIME-completeness of subsumption in ££22 can be

found in [BBLO5].
O

Now, we prove that subsumption in ££ with general TBoxes is in EXPTIME
by showing that subsumption in ALC™), the extension of EL£™ with the com-
plement operator —, is in EXPTIME in the presence of general TBoxes. We
introduce syntax and semantics of ALC™ explicitly.

As before, let N, and N, be disjoint sets of concept and role names, respec-
tively. The set of ALC™ -concept terms is defined inductively as follows:

e T is an ALC™-concept term;
o Ais an ALC™-concept term, for every A € N,;

o if C,D,C,,...,C, are ALC™-concept terms, for some n > 0, and r is
a role name, then the following are ALC™-concept terms: —~C, C' M D,

I.(Ch, ..., Ch).

Semantics of the constructors T, M and 3r.(CY,. .., C,) has already been given
in Chapter 2. The complement constructor — is interpreted as follows. Let
T = (A%, ) be an interpretation. Then, for any ALC™-concept term C,
(O = AT\ CT,

Note that the following constructors can be expressed in ALC™, although
we do not introduce them explicitly:

L = -7
CuD = =(=Cmn=D)
vr.C = =(3r.(0))
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In the following, we use the notion of satisfiability of a concept term which
is formally defined as follows: an ALC™-concept term C' is satisfiable (w.r.t. a
general TBox 7T'), if there is an interpretation Z (which is a model of 7") such
that CT # ().

In order to show that subsumption in ALC™ is in EXPTIME, we first reduce
it to satisfiability: for arbitrary ALC™-concept terms C, D and a TBox 7, the
following are equivalent:

e CLr D
e (M =D is unsatisfiable w.r.t. 7.

We note that this reduction is valid in any logic that is closed under the con-
structors M and —.

We show now that satisfiability (and hence, subsumption) in ALC™ is in
ExpTIME. For this, we use a technique similar to the elimination of Hintikka
sets approach that is used in [BARVO01] to prove that satisfiability in proposi-
tional dynamic logic is in EXPTIME.

We have to introduce some notions. Let Cy be an ALC"™-concept term and
T a general TBox such that it is to be decided whether (| is satisfiable w.r.t. 7.
We use the abbreviations sub and cl that are defined, for any ££-concept term
C and any TBox 7, as follows:

e sub(C) :={C"|C" is a subconcept of C'};
e sub(7):= |J (sub(D)Usub(E));

DCEET
e sub(C,7) :=sub(C) Usub(7), and
o cl(C,T) :=sub(C, T)U{-D|D € sub(C,T)}.

We use cl(C) as an abbreviation for cl(C, (). Now, we introduce the notion of
type which plays an important role in the rest of this chapter.

Definition 13 (Type) A set ¥ C cl(Cy, T) is a type for Cy, T if the following
conditions are satisfied:

(t1) for all =C € sub(Cy,T), =C € ¥ iff C & V;

(t2) for all C D € sub(Cy,T), CN1D e W iff {C,D} C U;

(t3) for all =(C M D) € sub(Cy, T), ~(CTID) e W iff {C,D} NV £ (;
(t4) for all DT E €T, D €V implies E € V.
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Let ¥ be a type for Cy, 7, @, ..., P, 1 a (possibly empty) sequence of types
for Cy, 7T, and r a role name. Then ®q,...,P,,_1 is a successor candidate for
U w.r.t. r if for all Ir.(Cy,...,Ck) € cl(Co, T), we have Ir.(Cy,...,Ck) € ¥ iff
there are i1,...,4x < n such that C; € &, for all j =1,...,k and i; # i, for all
gl 1<j<tl<k.

For a set of concept terms I', we define

rols(T") := {r € N,|3r.(Cy,...,C,) € cl(Cy, T), for some C4,...,C,}

and for every r € rol3(T"),

The following Lemma shows tractability of deciding whether a sequence
®q, ..., D, _1 of sets of concepts is a successor candidate for ¥ w.r.t. » and I'.

Lemma 11 Let W, ®y,..., P, 1 subsets of cl(Cy,T). It is decidable in polyno-
maal time whether @, ..., D, 1 is a successor candidate for ¥ w.r.t. r.

Proof Firstly, we define an additional notion. A system of distinct repre-
sentatives (SDR) for a family of sets Si,...,Sk is a k-tuple (aq,...,a;) such
that a; € S; for ¢ = 1,...,k and all a; are distinct, i.e., a; # a;, for all i, j,
1<i<j<k.

It is enough to show that, for each 3r.(CY,...,Cy) € cl(Cy, T), it is decidable
in polynomial time whether there are indices iy, ..., < n such that C; € @,
for1<j<kandi;#¢forl1 <j<i<k.

For each j = 1,..., k, we define the set

S; = {il0 <i<nand C; € ¢;}.

Then there are indices i1, . . . , ji < n as required iff (Sy, ..., Sk) has an SDR. The

existence of an SDR can be decided in polynomial time by a reduction to the

maximum bipartite matching problem, which is known to be polynomial [HK73].

O

A type T' is called bad w.r.t. a set of types ¥ if there exists a role name

r € rolz(I") such that there is no sequence ®,..., P, ; € T with n < N,(T)
that is a successor candidate for I' w.r.t. r.

Figure 4.1 presents a procedure ALC"™-Elim that decides satisfiability of an

ALC™-concept term Cy w.r.t. a TBox 7. The following proposition uses the

procedure ALC™-Elim to show the exponential upper bound for satisfiability
in ALC™.

Proposition 1 The procedure ALC™-Elim introduced in Fig. 4.1 decides sat-
isfiability of Co w.r.t. T in exponential time.
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define procedure ALC™-Elim(Cy,7)
Set i := 0 and ¥ to the set of all types for C and T

repeat
Tiv1:={T € %; | T is not bad w.r.t. T;}
t:=144+1

while ‘3:1 75 ‘3:1'71
if there exists a type I' € T; with C € I" then
return true

return false

Figure 4.1: Procedure ALC™-Elim(Cy, T)

Proof First, we show that the procedure ALC™-Elim defined in Fig. 4.1 termi-
nates after at most exponentially many steps. The repeat loop is executed at
most exponentially many times since there are exponentially many types and, in
each iteration at least one type is eliminated. Checking whether a type is bad
can be done in exponential time since there are at most exponentially many
sequences of types of length at most N, (cI(C’O,T )) By Lemma 11, for each
such sequence, it can be checked in polynomial time whether it is a successor
candidate. Thus, ALC™-Elim is a deterministic exponential time procedure.
We show now that ALC™-Elim(Cy, T) answers true iff C is satisfiable w.r.t.
7. Assume that ALC™-Elim terminates returning true. We construct an in-
terpretation Z such that CT # (). Let T be the set of types that have not
been eliminated. We denote with I'c, € T a type with Cy € I'¢,. Let I' € T
and r € rol3(I"). Since I' was not eliminated, it has a successor candidate
Uo,..., ¥, with all the ¥; € . These types, however, need not to be all
distinct. For this reason, it is not enough to take just the types in ¥ as the
domain elements of Z. To have enough copies of each type available, we define

N := maz{N,(cl(Co, T))|r € rol5(cl(Co,T)) },

and generate N copies of each type in €. Now, we define the interpretation 7

as follows:
o AT:={T,i))1<i<NandT € T}
o AT :={(I',i) € AT|A € T'}, for all concept names A.

e Let (I',i) € AT and r € rol5(T). Since I was not eliminated, there exists a
successor candidate Wy, ..., ¥, for I' w.r.t. 7. By the definition of N, (I"),
we know that > 7" n; < N,(I') < N. Thus, we can define the set

{(Ws, )1 <i <}
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to be the set of r-successors of I in Z.

We prove now by structural induction on C' the fact that, for all (T',i) € A?
and all C' € cl(C,T), we have (I',i) € CT iff C € T.

Base case. Let C' be a concept name. Then the fact that (T',4) € C* iff C €
I' follows directly from the above definition of Z.

Induction step. Let C = —=C’. Then (T,i) € C% iff (I',i) ¢ C'7 iff (by
[LH.) ¢" ¢ T" which, by definition of a type, is equivalent to =C” € I". Thus,
(I,i) e CTiff C eT.

Let C = C'M D’. Then (T,i) € CT iff (I',i) € CF A (T,i) € D7 iff (by L.H.)
C'el'AnD eliffC’"'nD el.

Let C = 3r.(Cy,...,C,), for some r € N,. Then since I' has a successor
candidate w.r.t. r, we know that there exist Vq,..., ¥, € T with C}, € V¥, for
k=1,...,n. By LH., the latter is equivalent to (¥y,j;) € Cf, for k=1,...,n
and some ji. Again by definition of Z we know that all the pairs (U, ji) are
r-successors of (I',4) and thus (T,4) € Ir.(Cy,...,Cp)* = CL.

Now we have that (I'c,, 1) € CZ. In addition, if D C E € T and (T',i) € D*,
then D € T', and thus, by Condition (#4) of the definition of type, E € T", which
implies (I',7) € EZ. Thus, we have constructed the required interpretation Z
with CT # ().

Conversely, assume that Cy is satisfiable w.r.t. 7, and let Z be the model
of T such that xy € CZ, for some xy € A%. For z € AT, we define

tp(z) := {C € cl(C, T )|z € C*}.

Similarly to the inductive proof above, it is easy to prove by structural induction
on Cy that no type in ¥ := {tp(z)|z € A’} is eliminated by ALC™-Elim(Cy, T).
Since tp(zo) contains Cy, ALC™-Elim returns true.

OJ
Summing up, we can conclude that satisfiability and, hence, subsumption in
ALC™ wrt. general TBoxes is in EXPTIME. This upper bound translates
to ELM™, which is a fragment of ALC™. The next theorem states that the
ExPTIME lower bound for subsumption in ££™ with general TBoxes is indeed
optimal.

Theorem 12 The subsumption problem in EL™ and ALC™ with respect to
general TBozes is EXPTIME-complete.
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Chapter 5

Experimental evaluation

Since in the process engineering application, that motivated our work, the rea-
soning is performed in restricted ££™ with restricted TBoxes, we have imple-
mented the polynomial algorithm for deciding subsumption that is developed in
Chapter 3. The resulting system is referred to as Eln. In addition, we compared
the performance of Eln with the state-of-the-art DL reasoner Racer [HMO1].

5.1 Implementation

Eln is a straightforward C-implementation of the polynomial algorithm for de-
ciding subsumption in ££™ with acyclic TBoxes that was developed in Chap-
ter 3. It accepts the input data in the XML-based format DIG-1.0 [Bec02]
recommended by the Description Logics Implementation Group (DIG). Usually,
a DIG-1.0 task description consists of two parts: Tells and Asks. The Tells part
contains TBox axioms like, e.g.,

<equalc>
<catom name="C"/>
<and>
<catom name="D"/>
<catom name="E'"/>
</and>
</equalc>

which encodes the axiom C' = D M E. The Asks part enumerates queries like
the following ones:

<satisfiable>
<catom name="C"/>
</satisfiable>
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<subsumes>
<catom name="C"/>
<catom name="D"/>
</subsumes>

that should be read as follows: is C' satisfiable? and does D T C hold?,
respectively. Note that since any £E£™-concept term is trivially satisfiable, we
concentrate on subsumption tests only. All the queries in the Asks part are
considered with respect to the TBox defined in the Tells part. We have taken
the £L-relevant fragment of DIG-1.0 and extended it with the n-ary existential
quantifier such that the concept term 3r.(C, D, E) is encoded as follows:

<someN>
<ratom name="r"/>
<catom name="C"/>
<catom name="D"/>
<catom name="E"/>
</someN>

Eln uses the library Libxml to parse the input data and to perform all oper-
ations on XML-trees. After reading the input file, Eln performs the following
manipulations:

e Syntax checking: Any syntactic element that is not a valid £ £ -construction
is removed with printing out the corresponding warning message;

e Acyclicity test: If the input TBox 7 contains a set of cyclic definitions,
the program terminates with the respective error message;

e Graph construction: An £L£-description forest Fr is constructed for 7 ;

e Queries execution: For every subsumption test C' C D encoded in the
Asks part, check the existence of a subsumption mapping from D to C' in
Fr.

In order to solve the maximum bipartite matching problem, Eln employs the
LEDA library that implements highly optimized graph algorithms [MN99].

5.2 Experimental data and environment

In our experiments, we use two sources of input data. The first one is a family
of artificially created TBoxes 7, for n > 0, that are of the following form:
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7, = { C = Ir(C,...,Ch)
D = Jr(Ay ..., A)
= Al I_lBl

C"n = Anl_IBn}

It is easy to see that the ontologies 7,,, n > 0 are restricted ££™-TBoxes. Note,
that for each n > 0, C Tz, D and D Z7, C, i.e., C is subsumed by D w.r.t. 7,
but not vice versa.

The second type of input data is a real world ontology from the chemical
process engineering that is referred to as PEN (Process ENgineering). The
PEN ontology is a restricted ££-TBox that contains 109 concept defini-
tions. About 30 of them use the n-ary existential quantifier Ir.(C1,...,C))
with n € {2,3,4,5,31}. The comparison between Eln and Racer on the PEN on-
tology is performed by means of a testing procedure that generates 500 random
subsumption tests between concept names defined in these 30 definitions.

As for 7,-TBoxes, both reasoners were to answer the queries C' Qg—n D and
D I;?Tn C with the growing value of n.

All experiments presented in this chapter were carried out on a Pentium IV
machine with 2.7GHz CPU and 3GB of RAM. The runtime for every subsump-
tion test was limited by 600 seconds. A task was considered to be solved if a
reasoner could provide the correct answer within the given time interval. The
experimental results themselves are presented in Chapter 5.4.

5.3 Translation from ££™ to ALCQO

In fact, the n-ary existential quantifier introduced in this work is not explicitly
present in the syntax of existing DLs. Therefore, in order to run Racer on
knowledge bases containing this new constructor, the latter should be translated
into some DL supported by Racer.

In our experiments, we used the translation procedure proposed in [TvWO04].
The idea of this translation is based on the fact that semantics of an £L£-
concept term Ir.(C1,...,C,) is closely related with the notion of a system of
distinct representatives (SDR) introduced in Section 4. We remind here that
an SDR for a family of sets Sy, ..., Sy is a k-tuple (ay, ..., ax) such that a; € S;
for7=1,...,k and all a; are distinct, i.e., a; # a;, for all i,7, 1 <i < j <k.

Indeed, let us consider an interpretation Z = (AZ, -Z) and some domain indi-
vidual a € AZ. We denote the set of all r-successors of a as S,(a). The following
is a consequence of the semantics of Ir.(Cy,...,C,): a € (Hr.(C’l, ce Cn))z iff
there exists an SDR for (S,(a) N CYL,...,S,(a) N CE). Hall’s theorem [Hal35]
gives necessary and sufficient condition of existence of an SDR for a family of
sets.
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C CZ D (yes) D % C (no)
n | Racer time, sec. \ Eln time, sec | Racer time, sec. \ Eln time, sec
1 0.10 0.10 0.11 0.10
2 0.24 0.10 0.36 0.10
3 0.88 0.11 0.59 0.10
4 > 600 0.12 0.81 0.10
5 - 0.12 1 0.11
6 - 0.14 27 0.11
7 - 0.14 > 600 0.12
8 - 0.14 - 0.12
9 - 0.15 - 0.12
10 - 0.15 - 0.13

Figure 5.1: Runtime of Racer and Eln on subsumption tests w.r.t. ontologies 7,,.

Theorem 13 (Hall’s theorem) A family of sets Si,...,S, has an SDR iff
for any iy, ... i € {1,...,n}, 1 <k <mn, the following holds:

1S, U...US,| > k.

The condition stated in Hall’s theorem is expressible in ALCQ, which is
accepted by Racer. Thus, we obtain the equivalence preserving translation from
EL™ to ALCQ proposed in [TvWO04]:

3(Ch,...,C) = ] (2|M|r.(|_|oj)).

MC{1,....n} JEM

This translation shows that augmenting the logic ALCQ with the n-ary
existential restriction constructor does not extend its expressive power. But on
the other hand, this translation is exponential in the size of the input and has
an PSPACE-hard target logic. Thus, one can suppose that translation-based
reasoning algorithms for ££ do not scale well in comparison to direct ones.
We present evidence of this fact in the next section.

5.4 Experimental results

We start with evaluating both reasoners Racer and Eln on the artificially created
ontologies 7,, described in Section 5.2. The timing results for these tests are
depicted in Figure 5.1. We note that even for small values of n, namely n =
1,...,10, Eln demonstrates advantageous behaviour in comparison to Racer.
For small n, Eln finds the subsumption relationship immediately, i.e., with no
measurable runtime. Whereas, Racer does not scale up to the problems with n
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Figure 5.2: Runtime of Eln on ontologies 7, with the growth of n.

larger than 7. The latter observations are true for both kinds of subsumption
tests. Namely, for positive ones of the kind C' E('?Tn D, where the subsumption
between C' and D holds, and for negative ones of the kind D E?Tn C, where the
subsumption does not hold.

In order to analyze the computational behaviour of Eln on larger problems,
we have executed the same subsumption tests, i.e., C' E?Tn D and D E?Tn C, with
n = 50,100, ...,500. The results of these experiments are shown in Figure 5.2.

One should observe that even for n = 100 the runtime of our unoptimized
implementation is just 1 second. We also note that Eln requires additional op-
timizations in order to scale up to problems of the size larger than n=400. We
believe that optimized search procedures using, e.g., hash tables, or caching
techniques would bring a substantial gain to our yet straightforward implemen-
tation. Moreover, we have realized that our choice to use XML trees for storing
ELM-description graphs implies an unacceptably high memory consumption.
In the future, it would be necessary to use more efficient data structures.

In addition to artificially created ontologies 7,,, we compare the computa-
tional behaviour of both reasoners on the real world ontology PEN that was
presented in Section 5.2. As mentioned above, this experiment consisted of
500 random subsumption tests between PEN concept names that were defined
using the n-ary existential quantifier. As the result, Eln could solve all of the
500 subsumption tests taking not more than 1 second per single test. Whereas
Racer could not solve any test due to an extremely large size of the ontology
after its translation into the DL ALCQO.
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Chapter 6

Conclusion

Motivated by the chemical process engineering application, we have extended
the description logic ££ by the n-ary existential quantifier. This constructor
generalizes both the standard existential quantifier (3r.C') and the qualified
number restrictions (> nr.C'). The resulting logic is referred to as £E£M™. A
fragment of EL™ | referred to as restricted EL£™ allows to formalize process
engineering terminologies in a natural and concise way.

We have investigated the complexity of reasoning in restricted £E£™. In par-
ticular, we have shown that the following instances of the subsumption problem
are of polynomial complexity: Subsumption between concept terms (Chapter 2)
and subsumption with respect to acyclic restricted TBoxes (Chapter 3).

Furthermore, we have justified that subsumption with respect to general
TBoxes, i.e., TBoxes containing general concept inclusion axioms, is EXPTIME-
complete in EL£™ as well as in ALC™ , which is the extension of ££™ with the
complement operator (Chapter 4).

We note that in the process engineering application, it is sufficient to re-
strict the subsumption problem to the case of restricted £L£-TBoxes. There-
fore, we have implemented the polynomial algorithm for solving subsumption
in restricted ££™ with respect to restricted TBoxes in a system Eln. Since the
state-of-the-art DL reasoners like, e.g., Racer, do not allow for the n-ary exis-
tential quantifier, the latter should be translated using constructors available in
existing DLs. In order to compare the performance of Eln with Racer, we have
relied on the translation procedure that was recently developed in [TvWO04].
This procedure demonstrates how the n-ary existential quantifier can be ex-
pressed in the DL ALCQ. The comparison analysis between Eln and Racer has
provided the first justification of the fact that the direct treatment of the n-
ary existential quantifier leads to dramatic computational improvements. The
latter result is valid for artificially constructed ontologies as well as for a real
world ones from process engineering application.

One promising direction for future work could be investigating the com-
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plexity of reasoning in restricted ££™ in the presence of cyclic terminologies
w.r.t. greatest fixpoint and descriptive semantics. For this we would expect
to use the simulation based approach that was recently introduced in [Baa03]
in order to analyze the complexity of the similar problem in ££. It would be
also challenging to check whether the tractability results presented in this work
can be translated to the case of reasoning with ABoxes. It would also be very
interesting, to extend tableaux algorithms for expressive DLs with the ability
to treat the n-ary existential quantifier.
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