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Abstract

This paper investigates Description Logics which al-
low transitive closure of roles to occur not only in con-
cept inclusion axioms but also in role inclusion axioms.
First, we propose a decision procedure for the descrip-
tion logic SHZO, which is obtained from SHZIO
by adding transitive closure of roles. Next, we show
that SHZ O+ has the finite model property by provid-
ing a upper bound on the size of models of satisfiable
SHIO-concepts with respect to sets of concept and
role inclusion axioms. Additionally, we prove that if we
add number restrictions to SHZ ;. then the satisfiability
problem is undecidable.

Introduction

The ontology language OWL-DL (Patel-Schneider, Hayes,
and Horrocks 2004) is widely used to formalize resources
on the Semantic Web. This language is mainly based on
the description logic SHOZN which is known to be decid-
able (Tobies 2000). Although SHOZN is expressive and
provides transitive roles to model transitivity of relations,
we can find several applications in which the transitive clo-
sure of roles, that is more expressive than transitive roles, is
necessary. An example in (Sattler 2001) describes two cat-
egories of devices as follows: (1) Devices have as their di-
rect part a battery: Device M JhasPart.Battery, (2) Devices
have at some level of decomposition a battery: Device M
EIhasPart+.Battery. Howeyver, if we now define hasPart as
a transitive role, the concept DevicelJhasPart.Battery does
not represent the devices as described above since it does not
allow one to describe these categories of devices as two dif-
ferent sets of devices. We now consider another example in
which we need to use the transitive closure of roles in role
inclusion axioms.

Example 1 A process accepts a set S of possible states
where start € S is the initial state. The process can reach
two disjoint phases A,B C S, considered as two sets of
states. To go from a state to another one, the process has
to perform an action a or b. Sometimes, it can execute a
jump that implies a sequence of actions next.
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To specify the behavior of the process as described, we
might need a role name next to express the fact that a state
follows another one, a nominal o for start, a role name jump
for jumps, concept names A, B for the phases and the follow-
ing axioms:

(1) oC—-AM-B ANBLC 1, oLC Vnext™.L

(2) T C dnext. T, jump C next™
Since jumps are arbitrarily executed over S and they form
(non-directed) cycles with next instances, we cannot use
concept axioms to express them. In addition, if a transitive
role is used instead of transitive closure, we cannot express
the property : an execution of jump implies a sequence of
actions next. Therefore, the axiom jump T next™ is neces-
sary.

Example 2 We now restrict the behavior of the process in
Example 1 by providing two more properties: (i) each state
has at most one predecessor and successor state; (ii) the
process starts from start and if it reaches a state in B then
it has already got through a state in A. In order to take into
account the new properties, we need to add the following
axioms:

(3) TLCE<Z1next.T, TC<1next™.T,BLCJjump .A
Assume that T is a model of the nominal o w.rt.
the axioms. From the axioms in (1), Example I,
there is a sequence of states o, st --- ,55 such that
(o, st), -, (st,sty) € next! foralli e {1,--- ,n—1}.
If sL € BY then, by the axioms in (2), Example 1, and the
last one in (3) there are t¥ - tZ withtl = sI t ¢ AT
such that (t,tF,) € next® foralli € {1,--- ,m — 1}.
Due to the axioms related number restrictions in (3) and
o C Vnext™.L, we have m < n and t%,_, = s%_, for all
ie{l,---,m—1}

i

Such examples motivate the study of Description Logics
(DL) that allow the transitive closure of roles to occur in
both concept and role inclusion axioms. We introduce in
this work a DL that can express the process as described in
Example 1 and propose a decision procedure for concept sat-
isfiability problem in this DL. In addition, a more expressive
DL that can capture the process in Example 2 is also defined.
Unfortunately, we show that this DL is undecidable.

To the best of our knowledge, the decidability of
SHZO,, which is obtained from SHZO by adding tran-
sitive closure of roles, is unknown. (Leduc 2009) has es-



tablished a decision procedure for concept satisfiability in
SHZ (SHZO. without nominal) by using neighborhoods
to build completion graphs. In the literature, many decid-
ability results in DLs can be obtained from their counterparts
in modal logics ((Giacomo and Lenzerini. 1994), (Giacomo
and Lenzerini 1995)). However, these counterparts do not
take into account expressive role inclusion axioms. In par-
ticular, (Giacomo and Lenzerini 1995) has shown the decid-
ability of a very expressive DL, so-called C A7 S, including
SHZQ with the transitive closure of roles but not allowing
it to occur in role inclusion axioms. (Giacomo and Lenz-
erini 1995) has pointed out that the complexity of concept
subsumption in CATS is EXPTIME-complete by translat-
ing CAT S into the logic Converse PDL in which inference
problems are well studied.

Recently, there have been some works in (Horrocks and
Sattler 2004) and (Horrocks, Kutz, and Sattler 2006) which
have attempted to augment the expressiveness of role in-
clusion axioms. A decidable logic, namely SROZQ, re-
sulting from these efforts allows for new role constructors
such as composition, disjointness and negation. In addition,
(Ortiz 2008) has introduced a DL, so-called ALCQZb;, -
which can capture SRZQ (SROZQ without nominal), and
obtained the worst-case complexity (EXPTIME-complete)
of the satisfiability problem by using automata-based tech-
nique. ALCQTY,, allows for a rich set of operators on
roles by which one can simulate role inclusion axioms.
Howeyver, transitive closures in role inclusion axioms are ex-
pressible neither in SROZQ nor in ALCQOTDT, -

In addition, tableaux-based algorithms for expressive
DLs like SHZ Q (Horrocks, Sattler, and Tobies 1999) and
SHOTIQ (Horrocks and Sattler 2007) result in efficient im-
plementations. This kind of algorithms relies on two struc-
tures, the so-called fableau and completion graph. Roughly
speaking, a tableau for a concept represents a model for the
concept and it is possibly infinite. A tableau translates satis-
fiability of all given concept and role inclusion axioms into
the satisfiability of semantic constraints imposed locally on
each individual of the tableau. This feature of tableaux will
be called local satisfiability property. In turn, a completion
graph for a concept is a finite representation from which a
tableau can be built. The algorithm in (Baader 1991) for
satisfiability in ALC,.4 (including the transitive closure of
roles and other role operators) introduced a method to deal
with loops which can hide unsatisfiable nodes.

Regarding undecidability results, (Horrocks, Kutz, and
Sattler 2006) has shown that an arbitrary extension of role
inclusion axioms, such as adding R o S C P, may lead to
undecidability. Additionally, as it turned out by (Horrocks,
Sattler, and Tobies 1999), the interaction between transi-
tive roles and number restrictions causes also undecidability.
The technique used to prove these undecidability results is
to reduce the domino problem, which is known to be unde-
cidable (Berger 1966), to the problem in question.

The contribution of the present paper consists of (i) prov-
ing that SHZ O has the finite model property, and so is de-
cidable by providing an upper bound on the size of models
of satisfiable SHZ O, -concepts with respect to (w.r.t.) sets
of concept and role inclusion axioms, (iii) establishing a re-

duction of the domino problem to the concept satisfiability
problem in the logic SHZN ;. that is obtained from SHZ ;.
by adding number restrictions on simple roles i.e. roles do
not subsume any transitive role. This reduction shows that
SHZN 4 is undecidable.

The Description Logic SHZO

The logic SHZO is an extension of SHZO by allowing
for transitive closure of roles. In this section, we present the
syntax and semantics of SHZO,. This includes the defi-
nitions of inference problems and how they are interrelated.

The definitions reuse notation introduced in (Horrocks and
Sattler 2007).

Definition 1 Let R be a non-empty set of role names. We
denote Ry ={P~ |PeR}, Ry ={Q" |Q e RUR,}.
* The set of SHIO 4 -roles is RUR|UR . A role inclusion
axiom is of the form R T S for two SHZO, -roles R and
S. A role hierarchy R is a finite set of role inclusion axioms.
* An interpretation T = (A%, 1) consists of a non-empty set
AT (domain) and a function T which maps each role name
to a subset of AT x AT such that, for R € R’, S € Rr,
Q ceR' U R,
R~ ={(z.y) € (A7) | (y,2) € R7}, and
Q" = [J (@) with (QY)T = Q7,
n>0

@) = {{z.y) € (AT | 3z € AT (2,2) €

Q" 1*, (zy) € Q7.
An interpretation T satisfies a role hierarchy R if RT C S%
for each R T S € R. Such an interpretation is called a
model of R, denoted by T = R.

x Function Inv returns the inverse of a role as follows:

R~ ifR € R,
Inv(R):= S if R=S5" where S € R,
nvis)-= (@) ifR=Q" where Q € R,

QT ifR=(Q)" whereQ € R

x A relation % is defined as the transitive-reflexive closure
of ConRU{Inv(R) CInv(S) | RC S € Rpu{Q C
QT | Q € RUR}L. Wedenote S = R iff RS and SER.
We may abuse the notation by saying RES € R.

Notice that we introduce into role hierarchies axioms ) T
Q™ which allows us (i) to propagate (VQ™.A) correctly, and
(ii) to take into account the fact that R C S implies Rt C
S+,

Definition 2 Letr C' = C U C,, be a non-empty set of con-
cept names where C is a set of normal concept names and
C, is a set of nominals.

* The set of SHIO y-concepts is inductively defined as the
smallest set containing all C in C', T, CN D, CU D, =C,
JR.C, VR.C where C and D are SHZO, -concepts, R is
an SHIO -role, S is a simple role and n € N. We denote
1 for —T.

* An interpretation T = (AZ,-T) consists of a non-empty
set AT (domain) and a function -T which maps each concept
name to a subset of AT such that card{o®} = 1 forall o €
C, where card{-} is denoted for the cardinality of a set {-},



T =A%, (CnD)t =ctnD?, (CuD)t =Cc*tuD?,
(_‘0)I — AI\CI,

(AR.C)E ={x e AT |Tyc AT, (z,y) € RT Ay € O},

(VR.C)E ={z e AT |Vye AT, (z,y) € RT = y e C?}
x C C D is called a general concept inclusion (GCI) where
C, D are SHZ O -concepts (possibly complex), and a finite
set of GCls is called a terminology T. An interpretation T
satisfies a GCI C C D if CT C D? and T satisfies a termi-
nology 7T if T satisfies each GCI in T. Such an interpretation
is called a model of T, denoted by T |= T.

x A concept C' is called satisfiable w.r.t. a role hierarchy R
and a terminology T iff there is some interpretation T such
that T =R, T |= T and CT # . Such an interpretation is
called a model of C w.r.t. R and T. A pair (T, R) is called
an SHI O ontology and said to be consistent if there is a
model of (T, R).

x A concept D subsumes a concept C w.r.t. R and T, de-
noted by C T D, if CT C D? holds in each model T of
(T,R).

Notice that a transitive role S (i.e. (z,y) € SZ, {(y,2) €
ST implies (z,z) € ST where 7 is an interpretation) can be
expressed by using a role axiom ST C S. Since negation is
allowed in the logic SHZ O, unsatisfiability and subsump-
tion w.r.t. (7,R) can be reduced each other: C C D iff
C' M =D is unsatisfiable. In addition, we can reduce ontol-
ogy consistency to concept satisfiability w.r.t. an ontology:
(7, R) is consistent if ALI—A is satisfiable w.r.t. (7, R) for
some concept name A.

For the ease of construction, we assume all concepts to be
in negation normal form (NNF) i.e. negation occurs only in
front of concept names. Any SHZO -concept can be trans-
formed to an equivalent one in NNF by using DeMorgan’s
laws and some equivalences as presented in (Horrocks, Sat-
tler, and Tobies 1999). For a concept C, we denote the nnf
of C by nnf(C) and the nnf of =C by —C.

Let D be an SHZ O -concept in NNF. We define sub(D)
to be the smallest set that contains all sub-concepts of D
including D. For an ontology (7, R), we define the set of
all sub-concepts sub(7,R) as follows:

sub(7,R) := [ J sub(nnf(~C'UD),R)
CCDeT
SUb(E,R) = sub(E)U{=C|-C e€sub(E)} U

{VS.C' | (VR.C € sub(E), SxR)V
(=VR.C € sub(E), SkR)
and S occurs in 7 or R}

For the sake of simplicity, for each concept D w.r.t. (7,R)
we denote sub(7, R, D) for sub(7,R) U sub(D), and
R (7 ®,p) for the set of roles occurring in 7, R, D, their
inverse and transitive closure. If it is clear from the context
we will use R instead of R(7 =, p).

A decision procedure for SHZO

In this section, we establish decidability of SHZO, by
devising a terminating, sound and complete algorithm for
checking the satisfiability of SHZO, concepts w.r.t. a ter-
minology and role hierarchy.

In our approach, we define a sub-structure of graphs,
called neighborhood, which consists of a node together with
its neighbors. Such a neighborhood captures all semantic
constraints imposed by the logic constructors of SHZO. A
graph obtained by “tiling” neighborhoods together allows us
to represent in some way a model for a concept in SHZO ..
In fact, we embed in this graph another structure, called
cyclic path, to express transitive closure of roles. Since all
expansion rules for SHZO can be translated into construc-
tion of neighborhoods, the algorithm presented in this paper
focuses on defining cyclic paths over such a graph. By this
way, the non-determinism resulting from satisfying the tran-
sitive closure of roles can be translated into the search in a
space of all possible graphs obtained from tiling neighbor-
hoods.

Neighborhood for SHZO

Tableau-based algorithms, as presented in (Horrocks and
Sattler 2007), use expansion rules representing tableau prop-
erties to build a completion graph. Applying expansion rules
makes all nodes of a completion graph satisfy semantic con-
straints imposed by concept definitions in the label associ-
ated with each node. This means that local satisfiability in
such completion graphs is sufficient to ensure global satis-
fiability. The notion of neighborhood introduced in Defi-
nition 3 expresses exactly the expansion rules for SHZO,
consequently, guarantees local satisfiability. Therefore, a
completion graph built by a tableau-based algorithm can be
considered as set of neighborhoods which are tiled together.
In other terms, building a completion tree by applying ex-
pansion rules is equivalent to the search of a tiling of neigh-
borhoods.

Definition 3 (Neighborhood) Let D be an SHZO, con-
cept with a terminology T and role hierarchy R. Let R be
the set of roles occurring in D and T, R together with their
inverse. A neighborhood, denoted (vp, Np,l), for D w.rt.
(T,R) is formed from a core node vp, a set of neighbor
nodes Np, edges (vg,v) withv € Ng and a labelling func-
tion 1 such that l(u) € 28T RD) with 4 € {ve} UNp
and l{vg,v) € 2R withv € Np.

1. Anodev € {vg}UNpg is nominal if there is 0 € C,, such

that o € l(v). Otherwise, v is a non-nominal node;
2. Anodev € {vp} U Npisvalidwrt. D and (T,R) iff

(a) tbox-rule: If C T D € T then nnf(—-C' U D) € I(v),
and

(b) clash-rule: {A,—~A} € l(v) with any concept name
A, and
(¢) M-rule: If C; M Cy € l(v) then {C1,Cs} C I(v), and
(d) U-rule: If Cy U Cy € 1(v) then {C1,Ca} N i(v) # 0.
3. A neighborhood B = (vp, Np,1) is valid iff all nodes

{vp} U Np are valid and the following conditions are
satisfied:
(a) 3-rule: If 3R.C € I(vp) then there is a neighbor v €
Ng such that C € lg(v) and R € l{vg,v);

(b) rbox-rule: For each v € Np, if R € l{vp,v) and
RS then S € l{vp,v);



(c) V-rule: For eachv € Np, if R € l[{vg,v) (resp. R €
Inv(l{vp,v))) and VR.C € l(vg) (resp. VR.C € I(v))
then C € l(v) (resp. C € l(vp));

(d) Vt-rule: For eachv € Np, if Q € l{vg,v) (resp.
Q" € Inv(l{vg,v))), QTER € Rand VR.D € l(vp)
(resp. VInv(R).D € l(v)) then¥Q*+.D € I(v) (resp.
Vinv(Q™).D € l(vg));

(e) o-rule: For each o € C,, if o € l(u) N I(v) with
{u,v} C {vp} U Np thenl(u) = l(v);

(f) <oo-rule: There is at most one node v € Np such
that l(v) = € and l{vg,v) = X for each € €
2sub(T,R,D)7% c IR

We denote B r p) for a set of all valid neighborhoods for
D wrt. (T,R). When it is clear from the context we will
use B instead of B =, p).

The condition 3f in Definition 3 ensures that any neighbor-
hood has a finite number of neighbors.

As mentioned, a valid neighborhood as presented in Def-
inition 3 satisfies all concept definitions in the label associ-
ated with the core node. For this reason, neighborhoods can
be still used to tile a completion tree for SHZ O, without
taking care of expansion rules for SHZO.

Lemma 1 Let D be an SHZO, concept with a terminol-
ogy T and role hierarchy R. Let (vg, Ng,l), (v, Np/,1)
be two valid neighborhoods with l(vg) = l(vp:). If there is
v € Npg such that there does not exist any v' € Np: satis-
fing l(v") = I(v) and l{vp,v) = l{vp:,v’) then the neigh-
borhood (vp:, Ng: U {u},l) is valid where l(u) = l(v) and
Hvpr,u) = lvg,v).

This lemma holds due to the facts that (i) a valid neighbor in
a valid neighborhood B is also a valid neighbor in another
valid neighborhood B’ if the labels of two core nodes of B
and B’ are identical, (ii) since SHZO does not allow for
number restrictions hence Definition 3 has no restriction on
the number of neighbors of a core node.

Completion Tree with Cyclic Paths

As discussed in works related to tableau-based technique,
the blocking technique fails in treating DLs with the tran-
sitive closure of roles. It works correctly only if the satis-
fiability of a node in completion tree can be decided from
its neighbors and itself i.e. local satisfiability must be suf-
ficient for such completion trees. However, the presence of
the transitive closure of roles makes satisfiability of a node
depend on further nodes which can be arbitrarily far from it.

More precisely, satisfying the transitive closure P in an
edge (z,y) (i.e. PT € L{z,y)) is related to a set of nodes
on a path rather than a node with its neighbors i.e. it imposes
a semantic constraint on a set of nodes x, z1, - - - , T, y such
that they are connected together by P-edges. In general, sat-
isfying the transitive closure is quite nondeterministic since
the semantic constraint can lead to be applied to an arbitrary
number of nodes. In addition, the presence of transitive clo-
sure of roles in a role hierarchy makes this difficulty worse.
For instance, if P C Q*,Q T ST are axioms in a role hi-
erarchy then each Q-edge generated for satisfying Q™ may

lead to generate an arbitrary number of S-edges for satisfy-
ing ST.

The most common way for dealing with a new logic con-
structor is to add a new expansion rule for satisfying the se-
mantic constraint imposed by the new constructor. Such an
expansion rule for the transitive closure of roles must:

1. find or create a set of P-edges forming a path for each
occurrence of P in the label of edges;

2. deal with non-deterministic behaviours of the expansion
rule resulting from the semantics of the transitive closure
of roles;

3. enable to control the expansion of completion trees by a
new blocking technique which has to take into account
the fact that satisfying the transitive closure of a role may
add an arbitrary number of new transitive closures to be
satisfied.

To avoid these difficulties, our approach does not aim to di-
rectly extend the construction of completion trees by using
a new expansion rule, but to translate this construction into
selecting a “good” completion tree, namely completion tree
with cyclic paths, from a finite set of trees without taking
into account the semantic constraint imposed by the transi-
tive closure of roles. The process of selecting a “good” com-
pletion tree is guided by finding in a completion tree (which
is well built in advance) a cyclic path for each occurrence of
the transitive closure of a role.

Summing up, a completion tree with cyclic paths will be
built in two stages. The first one which yields a tree consists
of tiling valid neighborhoods together such that two neigh-
borhoods are tiled if they have compatible neighbors. The
second stage deals with the transitive closure of roles by
defining cyclic paths over the tree obtained from the first
stage. Both of them are presented in Definition 4.

Definition 4 (Completion Tree with Cyclic Paths) Ler D
be a SHIO, concept with a terminology T and role hi-
erarchy R. Let B be the set of all valid neighborhoods for
Dwrt. (T,R). Atree T = (V,E,L) for Dwrt. (T,R)is
defined from B » py as follows.

1. If there is a valid neighborhood (vg, No,l) € B with
D € l(vg) then a root node x and successors x of xg are
added to 'V such that L(z¢) = l(vg), and L(z) = l(v),
L{xg, x) = l{vg, v) for each v € Nj.

2. For each node x € V with its predecessor 1/,

(a) If there is an ancestor y of x such that L(y) = L(x)
then x is blocked by y. In this case, x is a leaf node;
(b) Otherwise, if we find a valid neighborhood (v, Ng,1)
from B such that
i l(vg) = L(z),l(v) = L&), Inv( l{vp,v) ) =
L{z', z) for some v € N, and
ii. if there is some nominal o € C,, such that o € l(u) N
L(w) withu € Np \ {v}, w € V then l(u) = L(w)
then we add a successor y of x for each u € Np \ {v}
such that L(y) = l(u) and L({z,y)) = l({vg, u)).
We say a node x is a R-successor of x' € V if R € L{z/, x).
A node x is called a R-neighbor of ©' if x is a R-successor



of ' or &' is a Inv(R)-successor of x. In addition, a node x
is called a R-block of ©' if x blocks a R-successor of ©' or
a’ blocks a Inv(R)-successor of x.

T = (V, E, L) is called a completion tree with cyclic paths
if for each (u,v) € E such that Q* € L(u,v) and Q ¢
L{u,v) there exists a cyclic path ¢ = (xq,--- ,x,) which
is formed from nodes v; € V and satisfies the following
conditions:

o 1o = u and x; is not blocked for all i € {0,--- ,n};

o There do not existi,j € {1,--- ,n— 1} with j > i such
that L(x;) = L(x;);

o L(z,) = L(v) and x; is a Q-neighbor or Q-block of x;41
forall0 <i<n-—1.

In this case, ¢ is called a cyclic path and denoted by ¢y, ).

Note that the construction of completion trees uses the
equality blocking L(z) = L(y) for termination condition. A
completion tree encapsulates the following notions: neigh-
borhood, blocking condition and cyclic path. The first one
captures the semantics of all logic constructors except for the
transitive closure of roles. The second one which was intro-
duced in (Horrocks, Sattler, and Tobies 1999) is crucial for
obtaining a finite representation of a possibly infinite model.
The third one represents the transitive closure of roles.

At this point we have gathered all necessary elements to
introduce a decision procedure for the concept satisfiability
in SHZO... However, in order to provide a upper bound on
the size of models of satisfiable SHZ O -concepts we need
an extra structure, namely reduced tableau.

Definition 5 (Reduced Tableau) Let T = (V,E,L) be a
completion tree with cyclic paths for a SHZ O, -concept D
with a terminology T and role hierarchy R. An equivalence
relation ~ over V is defined as follows: x ~ y iff L(x) =
L(y).
Let V) ~:= {[z] | x € V'} be the set of all equivalence
classes of V by ~. A graph G = (V/ ~,E', L) is called
reduced tableau for D w.r.t. (T, R) if:

o L([z]) = L(z') for any =’ € [z];
o ([z],[y]) € E'iff there are ©' € [x],y" € [y] such that
(',y') € E;

o L({al,[s]) = U
x'€lz)y’ €ly], (¢’ ') EE
U Inv(Ly',2"))
a'€lz],y’ €[yl (y ') EE
where Inv(L{z,y)) = {Inv(R) | R € L{y, z)}

L((a',y) U

A reduced tableau as defined in Definition 5 identifies
nodes whose labels are the same. This construction pre-
serves not only the validity of neighborhoods but also cyclic
paths. Indeed, what may be locally changed is the number
of neighbors of a node from completion tree. Again, since
number restrictions are not allowed in SHZ O this change
does not violate the validity of neighborhoods. Moreover, a
node that is a R-neighbor of another one remains to be a R-
neighbor after identifying nodes whose labels are the same.
This explains why cyclic paths are preserved.

Lemma 2 Let D be a SHZO.-concept with a terminology
T and role hierarchy R. Let G = (V/ ~,E’', L) be a re-
duced tableau for D w.rt. (T,R). We define A* = V/ ~
and a function - that maps:

e cach concept name A occurring in D, T and R to AT C
V)~ such that AT = {[x] | A € L([z])};

e cach role name R occurring in D, T and R to R C
(V/~)? such that R* = {([z], [y]) | R € L{[z], [y])} U

{(ly], [2]) [ Inv(R) € L([z], [y]) }

If D has a reduced tableau G then T = (AT, -T) is a model
of Dw.rt. (T, R).

The following lemma affirms that a reduced tableau of a
concept D can represent a model of this concept. A men-
tioned above, a reduced tableau preserves the validity of
neighborhoods and cyclic paths of a completion tree. Ac-
cording to Definition 3, all semantic constraints imposed by
concept definitions in the label of a node are satisfied. More-
over, each cyclic path represents a sequence of nodes that al-
lows to satisfy the transitive closure of a role P occurring
in the label of an edge. These properties help prove Lemma
2.

The following proposition is an immediate consequence
of Lemma 2.

Proposition 1 Let D be a SHZO, -concept with a termi-
nology T and role hierarchy R. If there is a completion tree
with cyclic paths T for D w.rt. (T, R) then D has a finite
model whose size is bounded by an exponential function in
the size of D, T and R.

Indeed, by the construction of the reduced tableau G =
(V/ ~,E’, L), the number of nodes of G is bounded by
2K where K is the cardinality of sub(7, R, D), which is
a polynomial function in the size of D, 7 and R.

Lemma 3 Let D be a SHZO -concept. Let T and R be
a terminology and role hierarchy. If D has a model w.r.t.
(7', R) then there exists a completion tree with cyclic paths.

A proof of Lemma 3 can be performed in three steps.
First, we define directly valid neighborhoods from individu-
als of a model. Next, a completion tree can be built by tiling
valid neighborhoods with help of role relationships between
individuals of the model. Finally, cyclic paths are embedded
into the obtained tree by devising paths from finite cycles
for the transitive closure of roles in the model. Lemma 1
makes possible adding a new node to a given neighborhood
as neighbor if the new node is a neighbor of a node whose
label equals to that of the core node of the neighborhood.

From the construction of completion trees with cyclic
paths according to Definition 4 and Lemma 2 and 3, we can
devise immediately Algorithm 1 for the concept satisfiabil-

Lemma 4 (Termination) Algorithm 1 for SHZO termi-
nates and the size of completion trees is bounded by a double
exponential function in the size of inputs.

Termination of Algorithm 1 is a consequence of the fol-
lowing facts: (i) the number of valid neighborhoods is
bounded, (ii) the size of completion trees which are tiled



Input : Concept D, terminology 7 and role hierarchy
R
Output: IsSatisfiable(D)

1 foreach Tree T = (V, E, L) obtained from tiling valid
neigborhoods do
2 if For each (x,y) € E with

QJF € L<‘E7y>7 Q ¢ L<Zvy>! T has a Pz,y) then
3 L return true;

4 return false;

Algorithm 1: Decision procedure for concept satisfia-
bility in SHZO4

2n><(m+l)

from valid neighborhoods is bounded by (2™*™)
where m = card{sub(7, R, D)},n = card{R}.

Algorithm 1 is highly complex since it is not a goal-
directed procedure. Such an exhaustive behavior is very dif-
ferent from that of tableau-based algorithms in which the
construction of a completion tree is inherited from step to
step. In Algorithm 1, when a tree obtained from tiling neigh-
borhoods cannot satisfy an occurrence of the transitive clo-
sure of a role (after satisfying others), the construction of
tree has to restart. The following theorem is a direct conse-
quence of Lemma 3 and 4.

Theorem 1 Algorithm 1 is a decision procedure for the sat-
isfiability of SHZ O ;.-concepts w.r.t. a terminology and role
hierarchy, it runs in deterministic 3-EXPTIME and nonde-
terministic 2-EXPTIME.

Thm. 1 is a consequence of the following facts: (i) the
size of completion trees is bounded by a double exponen-
tial function in the size of inputs , and (ii) the number of of
completion trees is bounded by a triple exponential function
in the size of inputs.

Remark 1 From the construction of reduced tableaux in
Definition 5, we can devise an algorithm for deciding the
satisfiability in SHZ O which runs in NEXPTIME. In fact,
such an algorithm can check the validity of neighborhoods
and cycles for transitive closures in a graph whose size is
bounded by an exponential function in the size of the input.

Adding number restrictions to SHZ .

The logic SHZN . is obtained from SHZ ; (SHZO with-
out nominals) by allowing, additionally, for number restric-
tions, i.e., for concepts of the form (> n R) and (< n R)
where R is a simple role and n is a non-negative integer.

Definition 6 Let R, C be sets of role and concept names.
The set of SHIN . -roles, role hierarchy R and model T of
R are defined similarly to those in Def. 1.

* A role R is called simple w.r.t. Riff (QTER) ¢ R for any
Qt e R,.

* The set of SHIN 1 -concepts is inductively defined as the
smallest set containing all C € C, T, CN D, Cu D, =-C,
JR.C, VR.C, (£ nS) and (> nS) where C and D are
SHIN y-concepts, R is a SHIN y-role and S is a simple

role. We denote 1 for =T.
* An interpretation T = (AZ,-T) consists of a non empty

set AT (domain) and a function -T which maps each concept
name to a subset of AT. In addition, the function -* satisfies
the conditions for the logic constructors in SHZ 1 (as intro-
duced in Def. 2 without nominal), and

(>nR)t = {x € AT | card{y € AT | (z,y) € R} > n},
(<nR)T ={z € AT | card{y € AT | (z,y) € RT)} < n}
* Satisfiability of a SHIN | -concept C w.r.t. a role hier-

archy R and a terminology T is defined similarly to that in
Def. 2.

A definition for tableaux in SHZN  would be given
by combining the properties from tableaux in SHZAN and
SHZ,. In addition, a definition for neighborhoods in
SHIN ; would be provided if we adopt that there may be
two neighborhoods such that the labels of their core nodes
are identical but they cannot be merged together i.e. a prop-
erty being similar to Lem. 1 no longer holds for SHZN ;..
In such a situation, the local information related to the la-
bels of the ending nodes of a path would be not sufficient to
form a cycle. This prevents us from embedding cyclic paths
to a normalization trees in guaranteeing the soundness and
completeness. Note that for the logics SHZ and SHZO
we can transform a reduced tableau to a tableau such that if
any two nodes z,y having the same label then there is an
isomorphism between the two neighborhoods (x, N, 1) and
(y, Ny, 1). This means that if we know the label of a node in
such a tableau it is possible to determine all nodes which are
arbitrarily far from this node. This property does not hold
for SHZN ; tableaux.

Notice that this difficulty does not occur when embed-
ding cyclic paths to a normalization tree is not necessary.
Therefore, it is very believable that a decision procedure for
S’HZ Q with the transitive closure of roles appearing only in
concept inclusion axioms could be obtained by tiling neigh-
borhoods for SHZ Q.

In the sequel, we show that the difficulty mentioned is
insurmountable i.e. the concept satisfiability problem in
SHIN ; is undecidable. The undecidability proof uses a
reduction of the domino problem (Berger 1966). The fol-
lowing definition, which is taken from (Horrocks, Sattler,
and Tobies 1999), reformulates the problem in a more pre-
cise way.

Definition 7 A domino system D = (D, H,V) consists of
a non-empty set of domino types D = {Dq,---,D;} and
of sets of horizontally and vertically matching pairs H C
D xDandV C D xD. The problem is to determine if, for a
given D, there exists a tiling of an N x N grid such that each
point of the grid is covered with a domino type in D and all
horizontally and vertically adjacent pairs of domino types
are in ' H and V respectively, i.e., a mapping t : N x N — D
such that for all m,n € N, (t(m,n),t(m + 1,n)) € H and
(t(m, n), t(m,n + 1)) € V.

The reduction of the domino problem to the satisfiability
of SHZN ; -concepts will be carried out by (i) constructing
a concept, namely A, and two sets of concept and role inclu-
sion axioms, namely 7p and R p, and (ii) showing that the



Figure 1: The grid illustrates a model of the concept A w.r.t
the axioms

domino problem is equivalent to the satisfiability of A w.r.t.
Tp and Rp. Axioms in Definition 8 specify a grid (Fig.1)
that represents such a domino system.

Globally, given a domino set D = {D;,---,D;}, we
need axioms that impose that each point of the plane is
covered by exactly one DZ (axiom 8 in Definition. 8) and
ensure that each D; is compatibly placed in the horizontal
and vertical lines (axiom 9). Locally, the key idea is to use
SHIN ; axioms for describing the grid as illustrated in Fig-
ure 2. For example, we consider how a square of the grid can
be formed. Axiom 10 in Definition 8 says that if A has an
instance 2% with an interpretation Z, then there are three in-
stances x5, 2%, 2%, in BY,C%, D, respectively, such that
(x%, L) € X%I, (xf,2L) € Y11I and (2%, 2%) € eap?.
These instances are distinct since A, B, C, D are disjoint
by axioms 10, 11, 12 and 13. In addition, by axioms 11,

z
12, there are x’gz, T € D7 such that (25,22) € Y37,
(zL, 2"F) € X3~. This is depicted in Figure 2.

Since P} subsumes X{,Y;' by axiom 1, we have

z
(xh,25) € (P1121+) . Moreover, since P} is functional
7

by axiom 5, (x4, 2%) € (P2 ") by axiom 3, and e 4 p7 C
(PL)" by axiom 3, there are two possibilities: (i) 2%, =

. . T o
2'Z, and (ii) there is y” such that (z’3,y%) € (Pl3)”. This
contradicts axiom 13. Therefore, 25, = 2/3. Similarly, we
can get 25, = 2/ff. By this way, the axioms in Definition 8

can yield a grid as in Figure 2 if concept A is satisfiable.

Definition 8 Ler D = (D, H,V) be a domino system with
D ={D1, - ,D;}. Let Nc and Ng, be sets of concept and
role names such that No = {A, B,C, D}UD, Ng = {X] |
i,J € {172}} U {X’Y} U {Pﬁg | i,4,7,8 € {1>2}7T #
s} U{eap,epa,eBc,ecn

Role hierarchy:

1. X! C PY9)YJ C P4 foralli,j,r,s € {1,2},r #s,

787

2 p22
X, X5, Ps7 A

2 p22 epas 2 p22
Y, Y7, Py ba Y, Y5, P

c eolp i
vob X, X3, PYl <A X, X7, P}

1 pll caps 1 pll
Y, Y], Py AD Y, Yy, Py

1 11
T A X.,Xl,PlQ rB

Figure 2: How each square can be formed from a diagonal
represented by an €

2. XPC X, YPCY foralli,r € {1,2},

11+t 11+ 22+ 22+
3. €apEPjy ,eap E Py ,epa C Py ,epa & Py,

4. epcCPH " epc T PY ", eop TP ecp C P,
Concept inclusion axioms:
5. TE<1PY foralli,j,r,s € {1,2},r # s,
6. TC <1X,TC <1Y,
7. TE<leap, TE< lepa, TELS lepe, TES legs,
8. TC || winC [] -Dy)
1<i<l 1<<l,j#i
9.D; CVX. || D;nvw. || Dy for each
(D, Dj)eH (Di,Dg)EV
D; €D,

10. AC -BN-CN-DN3X{.BN3IYL.CnIesp.DN

VPZ. L NVPZR. .,

1. BC =AM -CN-DMN3X2.AMN3Y4.DM3epc.CM

VPJ2.L VP2, L,

12. CC -AN=-BN-DN3X3i.DN3IYZAN Iecp.B

VP . LNVPH . L,

13. DE -AN-BN-CMN3X.CN3Y2.BMIeps. AN

VP 1 nvPLL L.

Theorem 2 (Undecidability of SHZN ) The concept A
is satisfiable w.r.t. concept and role inclusion axioms in Def-
inition 8 iff there is a compatible tiling t of the first quadrant
N x N for a given domino system D = (D, H, V).

A proof of Theorem 2 can be found in Appendix.

Conclusion and Discussion

We have presented in this paper a decision procedure for
the logic SHZ O and shown the finite model property for
this logic. To do this we have introduced the neighborhood
notion which is an abstraction of the local satisfiability prop-
erty of tableaux enables us to encapsulate all semantic con-
straints imposed by the logic constructors in SHZO, and
thus to deal with transitive closure of roles independently
from the other constructors. With help of this method, we



can push the expressiveness of logics to the border between
decidability and undecidability.

According to Remark 1, we can devise a decision pro-
cedure for deciding the concept satisfiability in SHZO
so that it runs in nondeterministic exponential time (NEX-
PTIME). This result with the proof of Lemma 4 implies that
this procedure runs in a deterministic doubly exponential.
However, the worst-case complexity of the problem remains
an open question.

This work is a crucial step toward an empirical algorithm
whose behavior is more goal-directed i.e. the construction
of a completion tree would be refined along with satisfying
transitive closure of roles, e.g., the non-impacted parts of the
tree when rebuilding it would be reused. Such behaviours
are inspired from tableaux-based algorithms in which a node
of a completion graph should be generated only if necessary.
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Appendix

To prove the results in the report, we need the following def-
inition.

Definition 9 Ler (7, R) be an SHZ | ontology. A tableau
T for a concept D w.rt (T,R) is defined to be a triplet
(S,L,E) such that S is a set of individuals, L: S —
2sUb(T,R.D) gnd £: R — 2575, and there is some indi-
vidual s € S such that D € L(s). For all s € S,
C,C,Cy € sub(T,R,D), and R, S, PT € R, T satis-
fies the following properties:

(P1) If C1 C Cy € T and s € S then nnf(—C1 U Cs) € L(s);

(P2) IfC € L(s), then —=C ¢ L(s);

(P3) IfC1 N Cy € L(s), then Cy € L(s) and Cy € L(s);

(P4) IfCiuCy e E(s), then Cy € L:(S) orCy € L:( ),

(P5) IfVS.C € L(s) and (s,t) € E(S), then C € L(t);

(P6) If 35.C € L(s), there is t € S such that (s,t) € £(S)
and C € L(t);

(P7) IfVS.C € L(s), QTES € R and (s,t) € E(QT) then
vQT.C e L(t);

(P8) (s,ty € E(R) iff (t,s) € E(Inv(R));

(P9) If (s,t) € E(P™) then either (s,t) € E(P), or there exist
ty,-+- ,t, € S such that <S t1>,< 1,t2>, ,<tn,t> €
E(P);

) Ifo € L(s)NL(t) for some o € C, then s =t
1) If (s,t) € E(R), RES then (s, t) € £(S).

Note that the property P8 in Definition 9 expresses explic-
itly a cycle for each transitive closure occurring in the label
of an edge (s, t). A tableau for a concept represents exactly
a model for the concept, that is affirmed by the following
lemma.

Lemma 5 An SHZIO.-concept D is satisfiable w.rt.
(T,R) iff D has a tableau.

Proof of Lemma 5.
e “If-direction”. Let T = (S,L,€) be a tableau for D
and D € L(sg). A model Z = (AZ,.7) can be defined as

follows:
AT = S,
AT = {s| A€ L(s) for all concept name A in
sub(7,R, D)},
RT = J €@ forall Rinsub(7,R,D)
QtER

To show that 7 is a model of D w.rt. (7,R), we have to

show:



1. 7 is an interpretation. Indeed,

(a) Assume (s,t) € Inv(R)”. By P7 we have (t, s) € R

(b) Assume (s,t) € R%. From the definition of Z, there
are two cases: (i) there isno QTER € R ie. (s,t) €
E(R), (ii) there is QTER € R. This means that there
are (s,t1),- -+, (tn,t) € £(Q). In particular, if R =
Q' ie. QTER € R there are (s,t1), -+, (tn,t) €
£(Q).

(c) Itis easy to check the concept mappings.

2. Z E R. Assume R C S. We have to prove RZ C S7T.
Let (s,t) € RZ. By P9, it follows (s,t) € £(S). From
the definition of Z we have (s, t) € SZ.

3. T = 7. Assume C T D. We have to prove CT C D7,
Let s € CZ. From P1 we obtain nnf(~C U D) € L(s).
By P2 and P2 we have s € D*.

4. DT £0.

The last item is proved if we can show that C' € £(s) implies
s € CT forall s € S (¥). In fact, since T is a tableau for D
and thus, there exists s € S such that D € £(s). By (¥) it
follows D # ().

We now prove (*) by induction on the length of a concept C,
denoted length(C) where C in NNF, is defined as follows:

len(A) = len(—A) = 0

len(Ci1Cs) = len(CrUCy) = 1+len(Cy)
+len(Cs)

length(VR.C) := len(3R.C) = 1+len(C)

Two basic cases are C' = Aor C = —A. If A € L(s) then,
by the definition of Z, s € AZ. If ~A € L(s) then, by P2,
A ¢ L(s) and thus s ¢ AZ. For the inductive step, we have
to distinguish several cases:

e C=C1MNCy P3and C € L(s) imply Cq,Co € L(s).
By induction, we have s € C7 and s € CZ. Since 7 is an
interpretation hence s € (Cy M Cy)%.

e C' = (7 U (5. The same argument.

e C'=3S.E. P6and C € L(s) imply the existence of ¢ €
Ss.t. (s,t) € £(S) and E € L(t). By induction, we have
t € ET and from the definition of SZ, we obtain (s,t) €
SZ. Since 7 is an interpretation hence s € (35.E)” =
Cc?.

o O =VSE Lets € SwithC € L(s)andlett € S
be an individual such that (s,t) € SZ. According to the
definition of Z, we consider the following cases:

- (s,t) € &(S). P5 implies E € L(t) and by in-
duction, t € EZ. Since 7 is an interpretation hence
se (VS.E)F = 7.

— {(s,t1), -+, {tn,t) € E(Q) if there is QTES € R.
Since QEQT € R we have (s,t1), -, {ly, 1) €
E(QT). Moreover, since QTES and P11, we have
(syt1), -+, (tn,t) € E(S). By P5 and P7, we have
{E,VQT.E} C L(t;) forall ¢ € {1,---,n} and
{E,YQ*.E} C L(t). By induction, ¢t € EZ. Since
7 is an interpretation hence s € (VS.E)” = CZ.

e “’Only-If-direction”. We have to show satisfiability of D
w.r.t. R and 7 implies the existence of a tableau 1" for D
w.rt. Rand 7.
Let Z = (AZ,.7) be a model of D w.rt. R and 7. A
tableau T' = (S, £, ) for D can be defined as follows:
S = AZ
E(R) R? for all R occurring in sub(7, R, D),
L(s) {C €sub(T,R,D) |secC?}

e Properties P1, P2, P3, P4, P5 and P6 are obvious.

e Property P7.  Assume that VS.C € L(s) with

QTES € R. Lett € S be an individual such
that (s,t) € &(QT).  Assume that there are
{t, 1), {rp,r) € E(Q) = QF. We have to
show C' € L(r) since this implies VQT.C' € L(t).
We have (s t1), -, (tm,t), (&, 1), -+, {rn,7) €
E(Q)=QF Dueto QEQT € R, QTES € Rand 7 is
a model of R, we have (s,r) € £(S). Moreover, since 7
is a model, (s,t) € £(S) = ST we have r € CZ. That
means that C' € L(r) .

e Property P8 is a consequence of Z |= R and the definition
of £.

e Property P9. Assume that (s,t) € £(PT). By the def-
inition of £ we have (s,t) € (PT)Z. This implies that
either (s,t) € P or there exist (s, t1),- - , (t,,t) € PL.
By the definition of £ we obtain either (s,t) € £(P) or
<57t1>7 R <tn7t> € E(P)

e Property P10. Assume that (s,t) € £(R) and R&S. This
implies that (s, t) € R. We consider two cases:

- RC S € R. FromZ = R it follows (s, t) € ST. By
the definition of £ we have (s, t) € £(5).

— thereexist R C S; C,--- ,C S, C S. By induction
on n it is not hard to show that (s,t) € SZ. Thus, by
the definition of £ we have (s, t) € ST.

e Property P11. This is deduced from the semantics of
nominals : card{o} = 1forall o € C,.

Lemma (2). Let D be a SHZO -concept w.r.t. a terminol-
ogy T and role hierarchy R. Let G = (V/ ~,E', L) be a
reduced tableau for D w.r.t. (T, R). We define AT = V]~

and a function -~ that maps:

o cach concept name A occurring in D, T and R to AT C

V/ ~ such that AT = {[z] | A € L([z])};

e each role name R occurring in D,T and R to R* C

(V/~)? such that R* = {{[z], [y]) | R € L{[z], [y])} U

{(lyl; [2]) [ Inv(R) € L{[=], [y])}
If D has a reduced tableau G then T = (A%, 1) is a model
of Dw.rt. (T, R).

Lemma 2 will be shown if the following is proved.
Lemma 6 Let D be an SHZ ; -concept w.r.t. a terminology
T and role hierarchy R. Let T = (V,E, L) and G = (V/ ~
,E', L) be a completion tree with cyclic paths and tableau
graph for D w.r.t. (T, R). We define a triplet T = (S, L, E)
from G as follows:

e S=V/~,
o L([z]) = L([z]) with [x] € V/ ~,



o &(R) = {([z].[y]) | R e L({[«],[v]))} U {{[y], [«]) |
Inv(R) € L({[z], [y])}

It holds that T is a tableau of D w.rt. (T, R).

Proof of Lemma 6. Let T = (S, L, E). We will prove that T'
satisfies all the properties from Definition 9.

e D € L([x]) since D € L(xq) according to Definition 4;

e Property P1. Let [x] € S. According to the definition of
neighborhood (tbox-rule) we have nnf(-C U D) € L(x)
forall z € V with C & D € 7. This implies that
nnf(=C U D) € L(z) foral CE D e 7.

Property P2 holds since the nodes * € V are built
from valid neighborhoods (i.e. satisfying clash-rule) and

L([z]) = L(=).

Properties P3, P4 hold thanks to the M-rule and Li-rule in
the definition of neighborhoods (Definition 3);

Property P5. Assume VS.C' € L([z]) and ([z], [y]) €
&(S). According to the definition of £, we consider the
following cases:

1. 8 € L({[z],[y])). By the construction of G, there
are ' € [z],y’ € [y] such that S € L({(z/,y’)) or
Inv(S) € L({y’,z)). By the construction of T it fol-
lows that z’,y’ are respectively a core and neighbor
node of a neighborhood (z/, N, 1) with S € I(z/,y’),
Yy’ € N. By V-rule we have C' € I(y’). Moreover, by
the construction of T it follows C' € L(y'). By the con-
struction of G, itholds C' € L([y]) since L(y) = L(y'),
and thus C' € L([y]).

2. Inv(S) € L({[y], [z])). By the construction of G, there
are ¢’ € [z],y" € [y] such that Inv(S) € L({y',2')) or
S € L({(z',y')). By the construction of T it follows
that 2,y are respectively a core and neighbor node
of a neighborhood (y', N,1) with Inv(S) € I(y/,2),
2’ € N. By V-rule we have C' € [(y’). Moreover, by
the construction of T it follows C' € L(y'). By the con-
struction of G, it holds C' € L(y]) since L(y) = L(y’)
and thus C' € L([y]).

e Property P6. Assume JR.C € L([z]). We will show that

there exists [y] € S such that C' € L([y]) and ([z], [y]) €
E(R).
By the construction of G, we have IR.C' € L(z). By
the construction of T, z is a core node of a neighborhood
(x,N,1). By 3-rule there is a neighbor y € N such that
C € l(y) and R € I({x,y)). Again, by the construction
of T, x has a neighbor y in T such that C' € L(y) and
R € L({x,y)) or Inv(R) € L({y,x)). We consider the
following cases:

- R € L({x,y)). By the construction of G, we have C' €
L([y]) and R € L({[=], [y])). By the construction of the
tableau 7', it holds ([z], [y]) € E(R) and C' € L([y]).

- Inv(R) € L({y,z)). By the construction of G, we have
C € L([y]) and Inv(R) € L({[y],[z])). By the con-
struction of the tableau T, it holds {[y], [z]) € E(R)
and C' € L([y)).

e Property P7 is satisfied due to the bidirectional definition
of £.

e Property P8. Assume that ([z], [y]) € £(QT) with Q €
RU {Inv(P) | P € R} and {[z], [y}) ¢ £(Q). By the
construction of G, there are x’ € [z],y’
Q" € L((z',y')) and Q & L((z",y")).
By the construction of T, there is ¢ =
(20, 21,%a,*+ Ty, Tpy1) With &' = x9, and y/ = w
where w = z1 if x1 is not blocked or w = z if z;
is blocked by z. Furthermore, these nodes satisfy the
following conditions

- L(z1) = L(xzp41), L(xo) = L(zy,) .

-Q € L'({xj,xiyq1)) for all i € {2,---,n} where
L'({xi, wi1)) = L((@i, wi41)) if (25, 2i41) € E;
L'((zi,wiy1)) = Inv( L((wiy1, 7)) ) if (i1, 75) €
E; L/(<l’i7l’i+1>) = L(<SCZ,Z>) ) if <l’“Z> € E and
;41 blocks z.

By the definition of ~, we have ¢/, 41 € [z1] and g €

[,,]. From the definition of G, we consider the following

cases foralli € {2,--- ,n—1}:

- If Q € L((zi, zi+1)) then Q € L(([zi], [xi+1])),

- IfQ € Inv( L({zit1, %)) ) then Q € L({[zi], [xi41])),

-If @ € L({(x;,2)) where x;11 blocks z then Q €
L({[z4], [zita])-

~ Q€ L((n 2n+1)) then Q € L({[z], [2ns1]).

This implies that @ € L(([xs], [xi11])) for all i €

{2,---,n—1}and Q € L({[z,], [z1]))-

e Property P9. From the construction of neighborhoods. [

Lemma (3). Let D be an SHZ -concept. Let T and R
be a terminology and role hierarchy. If D has a model w.r.t.
(T, R) then there exists a completion tree with cyclic paths.

Proof of Lemma 3.

According to Lemma 5 there is a tableau T' = (S, £, &) for
D. Atree T = (V, E, L) can be inductively built from T
together with a function 7 from V to S. This construction
is quite intuitive since we can define a valid neighborhood
from each individual s € S as follows:

e We define I(v) := L(s). v is valid since any node whose
label is included in the label of a node in the tableau 7" is
always valid.

e Let S’(s) C S such that s € S'(s) iff L((s,s
where

L((s,5"))
Rirr,n)}-
Let S(s) C S'(s) such that for each ¢ € 28U(7.R.D)
and #Z € 2R if there is at € S’(s) with £(t) = % and
L((s,t)) = % then there is a unique node ¢’ € S(s) with
L(t') = L(t) and L((s,t)) = L({s,¢')). This implies
that S(s) is finite.

e For each t € S(s) we define a node u € Ny such that
l(u) = L(t) and I({v,u)) = L({s,s’)). From the con-
struction, (v, No, 1) is valid.

) # 0

= {R | (s,s') € E(R) for some R €



A tree T = (V, E, L) will be obtained by tiling neighbor-
hoods built from connected individuals started at s € S
with D € £(sg) and a function 7 from V to S. Note that if
u, v are neighbors in T then 7(u), 7(v) are also neighbors
in T'. The blocking condition ensures that this construction
terminates.

We now build cyclic paths for the transitive closure of
roles. By the construction of T, for each z,y € V such that
QT € L({z,y)), Q ¢ L({z,y)) with @ € RU {Inv(P) |
P € R} we have (r(z),7(y)) € £(Q™)

According to P8 there are t1,---,%, € S such that
(s,t1), -+, (tn,t) € E(Q) and w(x) = s,7(y) = t. From
this set of edges, we can pick ty,--- ,tg,t;, - ,t, with

k < lsuch that L(t;) = L(t;) and L(t;) # L(t ) for all
,7 € {Ll,---  k}U{,l,---,n},i £ J (notethatk = [if
t; #t;foralli,j € {1,--- ,n},i+#j).
We now build a cyclic non-duplicated @Q-path from
{s,t1, "+ stk,ti, tig1, -+, tn, t}. Since z is not blocked (z
has a successor y), by the construction of T with 7(z) = s,
(s,t1) € £(Q), L(x) = L(s), there exists a neighbor w of z
such that L(w) = L(t1) and L' ({x,w)) = L((s, t1)) where
L'({z,w)) = L({z,w)). We define 1 = w and 7(w) = t;.
Assume that there is z; € V (x; is not blocked by con-
struction) with 7(x;) = t; such that L(x;) = L(t;) with
t; € {t1, - ,tk,ti,- -+ ,tn}. We consider the following

cases:
l. x; has a neighbor w’ such that L(w') = E(tz+1)
and L((ml, N = L({t;,ti11)) if i € {1,
1,1,-- — 1}, or L(w') = L(t;41) and L' ((x“ >)

E((tl,tl+1>) if i = k. If w' is not blocked then define
x;11 = w'. If w’ is blocked by z then define z;,1 = z.
Since (t;,ti+1) € £(Q) hence w' is a Q-neighbor of z;.

2. x; has no such a neighbor w’. Since L(z;) = L(t;) ifi €
{1,--- ,k=1,1,--- ,n—1},0or L(x;) = L(t;) ifi = k,
by Lemma 1, we can add a successor w’ of x; such that
L(w’) = E( 7,+1) and LI(<£L'Z, >) = £(<t2,t1+1>) If w’
is not blocked then define x11 = w’. If w’ is blocked by
z then define x; 1 = z. In addition, we define 7(w’) =
tiv1. Since (t;,t;11) € £(Q) hence w’ is a Q-successor
of Zi.

Consequently, we obtain x1,--- , Tk, Ti41, - ,Tpt1 Such
that L(x;) = L(t;) foralli € {1,--- ,k, I+ 1,--- ;n+1};
and Q € L({x;,xi11) = L({t;, tip1) foralli € {1,---  k—
L,l+1,--- ,n}or@Q € Lz, z141) = L({t1,t141)) with
tn-{-l =t.

We define a node w such that w = y if y is not blocked or
w = z if y is blocked by z. Since L(y) = L(n(y)) = L(t)
hence L(zp41) = L(tnt1) = L(t) = L(w).

Moreover, we have to find a node z such that z is a
Inv(Q)-neighbor of w (w is not blocked). Since 7(y) =
t, L(w) = L(y) hence L(w) = L(t). We have the follow-
ing cases: (i) w has a neighbor z such that L(z) = L(¢,)
and L' ((w, z)) = L({tt,tn)), (il) Otherwise, by Lemma 1,
we can add a successor z of w such that L(z) = L(¢ )
and L'((w, z)) = L({t,t,)). Both cases imply that z is a
Inv(@)-neighbor of w.

According to Definition 4, (wq, - - - , wp41) form a cyclic
non-duplicated QQ-path where wy = z,w; = w, ws = x and

w; = x; foralli € {2,--- ,n+1}. Thus, T is a completion
tree with cyclic paths for D. O

Lemma (4) [Termination] Algorithm 1 terminates.

Proof of Lemma 4. Let m = [sub(7,R,D)|,n = |R|
where |S| denotes for the cardinality of a set S. From the
construction of completion trees, it holds that:

e Each valid neighborhood has at most 2" distinct neigh-

bors. Therefore, we have at most 2(m+1) valid neighbor-
hoods.

e The length of paths from the root to a leaf of a completion
tree is bounded by 27("+1),

e Since the height of completion trees is bounded by the
length of paths from the root to a leaf, and each node has
at most 2" neighbors, therefore the number of nodes of

n(m+1)
a completion tree is bounded by (2™™)? .
e Since we have at most 27(m+1) valid neighborhoods,

hence the number of completion trees is bounded by
L on(m—+1)

[2n<m+1>] ="

In addition, checking whether there is a cyclic path for each
occurrence of the transitive closure of a role in the label of
an edge is polynomial in the size of completion trees. These
facts imply that the algorithm 1 terminates. (]

2%(771+1) ><27nn><2"(7"+1)

Theorem (2) [Undecidability of SHZN | ] The concept A
is satisfiable iff there is a compatible tiling t of the first quad-
rant N x N for a given domino system D = (D, H, V).

Proof of Theorem 2

e "If-direction”. Assume that there is a compatible tiling ¢
for D = (D, H,V). This tiling is used to define an inter-
pretation Z = (AZ,.7) of the concept A w.r.t. the axioms
in Definition 8. Without loss of the generality, we assume
that £(0, 0) = A. Moreover, each a,, ) is denoted for each
point (m, n) of the first quadrant N x N. The figure 1. illus-
trates the interpretation that we expect.

1. AT = {a(mn) | m,n € N}

2. (X1)F = {lagp, agrp) | (kmod 2 = 0)A(Imod 2 =
0)}

3. (X3 =
0)}

4. §§(}21)I = {(a(k}l),a(kﬂ’l)} | (kmod2=0)A(Imod2 =

Haw,1y, ages1,)) | (Bmod2 = 1)A(Imod2 =

5. (XD = {{an> apet1,) | (kmod 2 =1)A(Imod 2 =
D}

6. (Yll)I = {(a(k)l), a(k,lﬂ)) | (kmod2 =0)A(Imod2 =
0)}

7. (Y22)Z = {(a(kJ), a(k71+1)> ‘ (k mod 2 = 0)/\(l mod 2 =
D}

8. (()5)/?1)1— = {<a(k7l), a(k,l+1)> | (kmod2=1)A(Imod2 =



0. ( ) {<a(k,l)7 a(k7l+1)> | (k’ mod 2 = 1)/\(l mod 2 =
1)}

10. (Pi)" = {{agn:amsrn) | (kK mod 2 = 0) A
(I mod 2 = 0)}U
{{agkpys aka41)) | (Emod 2 =1) A (I mod 2 =0)}

1. (P)" = {{agpy,agsrn) | (k mod 2 = 0) A
(Imod2=1)}U
{{agkpys a(ka+1)) | (K mod 2 =0) A (I mod2=0)}

12. (P = {{agpy,agsrpn) | (k mod 2 = 1) A
(Imod2=1)}U
{{agkpys ak141)) | (kmod 2 =0) A (I mod 2 =1)}

13. (PF)" = {{ampy,agsrpn) | (k mod 2 = 1) A
(I mod 2 = 0)}U
{{a(k.1) a(reas)) | (kmod 2 =1) A (I mod 2 = 1)}

14. (P ) = {(a(k l),a(kJrLl)) | (k mod 2 = 1) A\
(Imod2=0)}U
{{agk,pys aka41)) | (K mod 2 =0) A (I mod2=0)}

15. (PB)" = {{agpy,agsrn) | (k mod 2 = 1) A
(Imod2=1)}U
{{aw,1), aei+1)) | (kmod2=1)A(Imod2=0)}

16. (P2)" = {{a@pam+1,) | (k mod 2 = 0) A
(I mod 2=1)}u
{{agkpys agk41)) | (kmod 2 =1) A (I mod 2 =1)}

17. (PF)" = {{a@p,ag1n) | (k mod 2 = 0) A
(1 mod 2=0)}U
Haw,p, agis1)) | (kmod2=0) A (Imod2=1)}

18. (eap)’ = {{a@u) as1041)) | (k mod 2 = 0) A
(Imod2=0)}

19 (pa) = {{age ageerin) | (k mod 2 = 1) A
(Imod2=1)}

20. (epe)® = {{agkpsagsrien) | (k mod 2 = 1) A
(Imod2=0)}

21. (ee)’ = {{agpy agsrirn)) | (k mod 2 = 0) A
(Imod2=1)}

22. D;* ={ag | t(k,1) = D;} foreach D; € D

23. AT ={a | (kmod2=0)A (I mod2=0)}

24. DT ={ag | (kmod2=1) A (Imod2=1)}

25. BY ={agy) | (kmod2=1) A (Imod2=0)}

26. CT ={aw, | (kmod2=0)A (Imod2=1)}

27. xT = xFuxfuxuxyt

28. YZ =y  uvit uvRtuvg’

We now check that 7 satisfies all axioms in Definition 8.

. XIC PYYJ C PYforalli,j,r,s € {1,2},r #s.

For each k,1 > 0, we consider the following cases:

N o os

e Assume (k mod 2 = 0) A (I mod 2 = 0). From the
assertions 2, 6, we have (a1, a(k+1,)) € Xllz, and
1z
(ak,1)s Ak i1)) € Yy
T
have (a(x1), agrr1,1)) € Pla~ and (agy, agi1)) €
Py

e Assume (k mod 2 = 1) A (I mod 2 = 0). Similarly.

e Assume (k mod 2 = 0) A (I mod 2 = 1). Similarly.

e Assume (k mod 2 = 1) A (I mod 2 = 1). Similarly.

XIC XY CY foralli,r € {1,2}. From assertions

27 and 28.

eap E (P3)T,eap E (Py1)T.

For each k,1 > 0, we consider the following cases:

e Assume (k mod 2 = 0) A (I mod 2 = 0).
From the assertion 18, we have <a(k,l),a(k+17l+1)> €
eapt. 2 and 8 it follows that

1z
(agays agr1ny) € X170 Q1,0 Qkgr,41)) €
Y211 (note that (k + 1 mod 2 = 1)). By the as-
sertion 10 we have (a),ak+1,0)) € P11211 and

. From the assertions 10, 11 we

From the assertions

T L
(a(k41,0)> Gkt1,41)) € Plg7.  This implies that

T
(a(k,)s Akr1,041)) € (Pl3) T
On the other hand, from the assertions 6 and 4 we

have (a1, a(k,1+1)) € YfI, (Ak,i41)> Ak41,141)) €

X1 (note that (I + 1 mod 2 = 1)). By the

assertion 11 we have (a(;),a,i+1)) € P21111,

(a(kit1) aksrin)) € PHT. This implies that
(ag,nys a (P37

e Assume (k mod 2 = 1) A (I mod 2 = 0). Similarly.

e Assume (k mod 2 = 0) A (I mod 2 = 1). Similarly.

e Assume (k mod 2 = 1) A (I mod 2 = 1). Similarly.

epa £ (PE)*,epa C (PRR)F.

epc C(P3)T,epc C ( 1221)+ Similarly.

ecp C (Ps?)T,ecp C (PL2)T. Similarly.

TE <1P/J foralli,j,rse{1,2},r#s.

For each k,l > 0, we consider the following cases:

e Assume (k mod 2 = 0) A (I mod 2 = 0). From the
assertions 10, 11, 14, 17 we have (a(k.,l),a(k_s_l’l)) €

kt1,041)) €
N
N

*. Similarly.

P112117 (Q,1ys Q1)) € P21111, (A,0ys Qi41)) €
P37 and (agy, ageir) € P

e Assume (k mod 2 = 1) A (I mod 2 = 0). Similarly.

e Assume (k mod 2 = 0) A (I mod 2 = 1). Similarly.

e Assume (k mod 2 =1) A (I mod 2 = 1). Similarly.

TC <1X,TC <1Y.

For each k,l > 0, we consider the following cases:

e Assume (k mod 2 = 0) A (I mod 2 = 0).
the assertions 2, 6 we have (a(x,), ax+1,)) € Xllz,

From

(a0 Ak i+1)) € YfI. From the assertion 28, we
have (a(m), a(k+1,l)> € XI, <a(k,l), a(k7l+1)> cY?



10.

11.

12.

13.

14.

15.

16.

17.

18.

e Assume (k mod 2 = 1) A (I mod 2 = 0). Similarly.
e Assume (k mod 2 = 0) A (I mod 2 = 1). Similarly.
e Assume (k mod 2 = 1) A (I mod 2 = 1). Similarly.

. T E < 1leygp. Itis obvious from the assertion 18 for

each k,1 > 0.

T C < lepa. Itis obvious from the assertion 19 for
each k,1 > 0.

T C < lepe. Itis obvious from the assertion 20 for
each k,1 > 0.

T E < legp. Itis obvious from the assertion 21 for

each k,1 > 0.
TC | |@n( [] -Dy). Sincetis a tiling,
1<i<i 1<) <, j#i

each (k,l) has a unique D; € D such that t(k,l) = D;.
Thus, from the assertion 22, each a(k,;) has a unique D; €

D such that a, ) € D;”.

D; T VX. || D;jnwy. || Dy for each
(Di,Dj)eH (D;,Dr)eV

D; eD.

From the assertion 22, if a(; ;) € D;% then t(k,l) = D;.

Since ¢ is a tiling, according to Definition 7 we have

<D1‘,Dj> € H and <D1,Dk> € V with t(k + 1,1) = Dj

and t(k,! + 1) = Dy. From the assertions 28 and 2-9 we
have (a(x1), ak+1,)) € XT and (a k), agat1)) € Y7

From the assertion 22, we have ax41,;) € D, and

A(k,i+1) € DkI.

AC -BMN-Cn-DN3X{.BN3YLt.CnIeap.DMN

VPZ.1 NVPR2.1.

For each k,1 > 0, we consider the following cases:

e Assume (k mod 2 = 0) A (I mod 2 = 0). From the
assertions 23 we have a;, ;) € AT From the assertions
24, 25, 26, we have a;,;) ¢ B7, agen) ¢ CZ, age) ¢
DZ. Moreover, from the assertions 2, 6 we have

I I
{1y, ars1) € X175 (@), arasr)) € Y7 By
the assertions 18 and 24 we have (a(;g’l), a(k+17l+1)> S
EADI and Q(k+1,1+1) € D*.

Additionally, according to the assertions 12, 13,
T
<a(k,z),a(k+1,l)>, (a(k,l),a(k,l+1)> ¢ P1121

I
(@i )s Q1,0 (Q0)s Q(ig1)) E Patl
e Assume (k mod 2 = 1) A (I mod 2 = 0). From the
assertion 23, it follows a(; ;) ¢ AL.

e Assume (k mod 2 = 0) A (I mod 2 = 1). Similarly.

e Assume (k mod 2 =1) A (I mod 2 = 1). Similarly.
BLC -AMN-Cn-DMN3x2.AnN3Y,.DMN3epc.C N
VPR 1 NvPi2. 1. Similarly.
CC-AN-BN-DN3X2.DN3Y;.AMN3ecp.BN
VP 1L VP4 . L. Similarly.

DC-AMN-BN-CnN3xX3Cn3y2.BnIeps. AN
VP L VP, L. Similarly.

and

”Only-If-direction”. On the other hand, assume that the

concept A is satisfiable w.r.t. the axioms in Definition 8 ,
and let Z = (AT, .7) be an interpretation such that A7 # ).
Assume that a(g,g) € AT This interpretation can be used to
find a compatible tiling for D.

First, we show the following claim:

Claim 1 There are individuals a, ;) € AT with k,1 > 0
such that

If (k mod 2 = 0) A (I mod 2 = 0) then ag,;y €
AT, Additionally, there are akt1,) € BI,a(kJH) €
CT, as1,041) € DT such that (a1, agi1,1)) € Xllz,
(@(kt1,0)5 O(kt1,41)) € Yzﬂr (@,0ys Q1)) € Y11I
and (a(, 141y, Akt1,141)) € X3

If (k mod 2 = 1) A (I mod 2 = 1) then agy €
DZ. Additionally, there are aky1,0) € CI,a(k)l+1) S
BT agi1,41) € AT such that (a1, agi1,1)) € X%I,
(aer1ny aksirn) € Y2 {aguy agasny) € Y27
and (a(k141), A(k+1,141)) € X3

If (k mod 2 = 1) A (I mod 2 = 0) then ag,) €
BZ. Additionally, there are ay1,0) € AI,a(k’lH) €
DI,a(k+1,l+1) € C7T such that (@@,0ys A1) € X%I,
(@G Q1) € YT {agy, agsn) € Yo
and (a g, 141 agesi4n) € X7,

If (k mod 2 = 0) A (I mod 2 = 1) then ag,;) €
C?. Additionally, there are apt1,) € DI,a(k’lH) €
A%, agky1,41) € BY such that a1y, agre1,n) € x37,
(@1, agerrirn) € Y5 (g, agsny) € Y8
and <a(k71+1), a(k+1’l+1)> S Xllz.

Proof:[Proof of the claim 1]

Assume k = 0,1 = 0. We have a(o0) € AL. By the ax-
iom 10 in Definition 8 there are a1,y € BZ, a,1) € ct
such that (a(,0), a(1,0y) € Xllz, {a 0,0y, a(0,1)) € Y111~
Moreover, by the axioms 11, 12 in Definition 8 there
are a(i,1),a(, 1) € DT such that (a1 0y, a(1,1)) € Y21I,
(a,1),a(; 1)) € XQII. We show that af; ;) = a(1,1).

By the axiom 10 in Definition 8, let a € DT such
that <a(070),a> € &fw. From the axiom 1 in Defini-

. z
tion 8 we have <a(0’0),a(1,0)>, <a(1’0),a(1}1)> S P1121 .
If ai;,1) # a then, by the axioms 3, 5 in Definition

. . z
8 there is an instance a’ such that (a(;1),a’) € P53,

which contradicts the axiom 13 ir% Definition 8 since

a(1,1) S .DZ and <a(1’1),a’> € P1121 . Thus, a(i,1) = a.

Analogously, from the axiom 1 in Definition 8§ we have
T

{@(0,0): a0.1))s {@(0,1): 41 1)) € Py I afyyy 7 @

then, by the axioms 3, 5 in Definition 8 there is an in-

stance a” such that (a(, ,),a”) € P21111, which contra-

dicts the axiom 13 in Definition 8 since azl 1) e DT and



(afy1y,a") € PHT. Therefore, af, ;) = a, and thus

a1, = a/(1,1)'

e Assume that £ > 0 or [ > 0. We consider the following

cases:

- Assume ag,;) € AT with (K mod 2 = 0) A
(I mod 2 = 0). By the axiom 10 in Definition
8 there are a1y € Bfapt1) € CT such

I
that (a(1y, akt1,0)) € X1, (Q@k0ys Qi) €
Yllz. Moreover, by the axioms 11, 12 in Definition
8 there are a(y1,041), 44141y € D7? such that

1z
<a(k+1,l)aa(k+1,l+1)> ey, <a(k,z+1)7a2k+171+1)> €
I
X3". We show that a; | ;1) = Q(kt1,041)-
By the axiom 10 in Definition 8, let a € D7 such that
(ak1y,a) € 4. From the axiom 1 in Definition
8 we have (a(1), @(ut1,0))s (@(kt1,0)) Akt1,141)) €
P112II. If a(yy1,441) # a then, by the axioms 3,
5 in Definition 8 thereIis an instance a’ such that
(a(k+1,141),@’) € P3~, which contradicts the ax-
iom 13 in Definition 8 since a(jy1,141) € D7 and
T
(A(ks1,141),0") € P}~ Thus, A(j+1,041) = a. Anal-

ogously, from the axiom 1 in Definition 8§ we have
I
<a(k,1),a(k,l+1)>7<a(k,l+1),a/(k+1,l+1)> € P If

a’(k +1,041) # a then, by the axioms 3, 5 in Definition
8 there is an instance a” such that (a(;; ;,,),a") €
7. . . . .
P31~ which contradicts the axiom 13 in Definition 8
; / z / 1 117

since af ;) € D” and (g 11041)0") € Pyi
Therefore, a/(k+1,l+1) = a, and thus a(41,041) =

Al 1,141
Obviously, if (kK mod 2 = 0) and (I mod 2 = 0) then
(k+1)mod2=1)and (({+1) mod2=1)

- Assume a(y, ;) € DT with (kmod 2 =1) A (I mod 2 =
1). Similarly.

- Assume a(y, ;) € BY with (kmod 2 = 1) A (I mod 2 =
0). Similarly.

- Assume a(y ;) € CT with (k mod 2 = 0) A (I mod 2 =
1). Similarly. O

Moreover, from the axiom 9, 2, 6 in Definition 8, there
are D1(/1,0)7Dg(00,1) € D such that (Dg(co’o),D?sl’O)) e H,
(DY, DY € V, and (a10),a011)) € Y7 with
I
ag,1y € Dg(ll’o) , <a(0,1),a/(171)> e X7 with a’(lyl) €
I

D™V By the axioms 11, 12, 2, 6 in Definition 8

z I
we have (a(10),a01,1)) € Y37, {a0,1),a(,,)) € X3~
From Claim 1 we have a(; 1) = a’(m). This implies
that Dél’o) = Dg(gm) since D@(,l’o),Dg(co’l) are disjoint by

the axiom 8 in Definition 8. Therefore we can define
t(1,1) := DY = pOY),

. Assume that t(i,j) := Dy with a(i,j) € Dy*. From

the axiom 9, 2, 6 in Definition 8 and Claim 1, there
are Dg(f’j)7D£,i’j) € D such that (Dg’j),Dg(f’j)) €
H, (Dg(f’j),Dg’j)) € V, and {(a j),agu1,5) € X*
with agi+1,5) € Dg(gi’j)z, <a(1-7j),a(i7j+1)> e Y?
with ag 11y € DZ(,i’j)I. Therefore, t(i + 1,j) =
Dg(gi’j), t(i, j+1) := D?(,i’j). Since X, Y are functional and
Dy, are disjoint for all Dp, € D hence such Dg’j ), Dg(f’j )
are uniquely determined from D).

Moreover, from the axiom 9, 2, 6 in Definition 8, there
are D,(,Hl’j), D) € D such that (Dg(ci’j)7 D,(,Hl’j)) €

H, (D577J)7D£77J+1)) € V, and (a(i+17j),a(i+17j+1)> €
. i+1,5)Z

YT with agiiji1) € Dl(, j)I’ {@G,j+1) Qfiprg41)) €

XT withal,,, ;,,) € DSV We now distinguish the

following cases:

(a) Assume thata; ;) € AT, From Claim 1 and the axiom
8 in Definition 8 we can show D?(,Hl’j) = Dg(f’jH) .
Therefore we can define t(: + 1,5 + 1) := DZ(,H'l’j) =
Dg’j+1).

(b) Assume that a(; ;) € BZ. Similarly.

(¢) Assume that a(; ;) € C7. Similarly.

(d) Assume that a(; j, € D*. Similarly.

It remains to be shown that (1) ¢ is well defined, (2) the

0 horizontal and vertical matching conditions are satisfied.

We now define a mapping ¢t : N x N — D as follows.
By the axiom 8 in Definition 8, there is D; € D such that
z
a(0,0) e D;”.

1. #(0,0) := D; with a( gy € D;”. From the axioms 9, 2, 6
(0,0) (0,0)

(1) is obvious from the construction of the mapping ¢.

(2) From the definition of ¢, for each a ;) there is a D; € D
such that t(k,l) = D; and ag,yy € D;*. Again, by
the construction of ¢, there are D;, Dj, € D such that

in Definition 8 and Claim 1, there are D, ", Dy "’ € t(k+1,1) = Dj, t(k,l + 1) = Dj and a(p11,) € D;%,

D such that (D;,D,) € H, (Dng(/O’O)) c V. agi+1) € DL, By the axioms 2 and 9, we have

A . . .
and (a(,0),a01,0) € X' with aqg) € DY (Di, D;) € Hand (Di, Dy) € V.

T
a0y, ao.1)) € Y with aggq) € DO, Therefore,
(0,0)» 4(0,1) (0,1) Y
we define ¢(1,0) := Df(,;o’o),t(O, 1) = Dg(,o’o). Since
X, Y are functional and Dj, are disjoint for all Dy, € D

hence such D,(EO’O), DZ(JO’U) are uniquely determined from
D;.



