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Abstract. In this paper, we investigate an extension of the description logic
SHZ OQ—aknowledge representation formalism used for the Semantic Web—with
transitive closure of roles occurring not only in concept inclusion axioms but also
in role inclusion axioms. We start by proving that adding transitive closure of
roles to SHZQ without restriction on role hierarchies may lead to undecidabil-
ity. An analysis of this proof allows us to identify kinds of axioms which are
responsible for the undecidability and to design a decidable extension of SHZQ
with transitive closure of roles. Next, we propose a tableaux-based algorithm that
decides satisfiability of the new logic. It was shown by experiments that this kind
of algorithms is suitable for implementation.

1 Introduction

The ontology language OWL-DL [1] is widely used to formalize semantic resources on
the Semantic Web. This language is mainly based on the description logic SHOIN
which is known to be decidable [2]. Although SHOZN is expressive and provides
transitive roles to model transitivity of relations, we can find several applications in
which the transitive closure of roles, that is more expressive than transitive roles, is
necessary. An example given by [3] describes two categories of devices as follows: (1)
Devices have as their direct part a battery: DeviceMJhasPart.Battery, (2) Devices have
at some level of decomposition a battery: Device M 3hasPart ™ .Battery. However, if we
now define hasPart as a transitive role, the concept DeviceMJhasPart.Battery does not
represent the devices as described above since it does not allow one to describe these
categories of devices as two different sets of devices.

In addition, the difference between transitive roles and the transitive closure of roles
is clearer when they are involved in role inclusion axioms. It is obvious that concept
JRT.(CTMVR™.1) is unsatisfiable w.r.t an empty TBox and the trivial axiom R C R*.
If we now substitute R for a transitive role R; such that R C R; (i.e. we substitute each
occurrence of R in axioms and concepts for R;) then the concept IR;.(CMVR™. L) be-
comes satisfiable. The point is that an instance of R™ represents a sequence of instances
of R but an instance of R; corresponds to a sequence of instances of itself.



In several applications, we need to model successive events and relationships be-
tween them. An event is something oriented in time i.e. we can talk about endpoints of
an event, or a chronological order of events. When an event of some kind occurs it can
trigger an event (or a sequence of events) of another kind. In this situation, it may be
suitable for using a role to model an event. If we denote roles event and event’ for two
kinds of events then the axiom (event C event’) expresses the fact that when an event
of the first kind occurs it implies one event or a sequence of events of the second kind.
To express “a sequence of events” we can define event’ to be transitive. However, the
semantics of transitive roles is not sufficient to describe this behaviour since the tran-
sitive role event’ can represent a sequence of itself but not a sequence of another role.
Such behaviours can be found in the following example.
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Fig. 1. Mouse clicks and keystrokes

Example 1. Let S be the set of all states of applications running on a computer. We
denote by A, B, C C S the sets of states of applications A, B, C, respectively. A user
can perform a mouse-click or keystroke to change states. The user can type a shortcut
(combination of keys) to go from A to B or from B to C. This action corresponds to a
sequence of mouse-clicks or keystrokes. The system’s behaviour is depicted in Figure
1.

In such a system, users may be interested in the following question: “from the ap-
plication A, can one go through the application B to get directly the application C by a
mouse-click or keystroke ?”.

We now use a description logic with transitive closure of roles to express the con-
straints as described above. To to this, we use a role next to model mouse clicks or
keystrokes and a role jump to model shortcuts in the following axioms:

(i)start T -AM-BN-CXNYLC LwithX,Y € {A,B,C} and X #Y;



(i) A C Jjump.B; A C Jjump.C; B C Jjump.C;

(iii) start C Vnext™.L; jump C next™;
Under some operating systems, users cannot switch directly from an application to a
particular one just by one mouse click or keystroke. We can express this constraint by
an axiom as follows:

(iv) CMdnext—.BC L;
In this case, the concept (A 1 3next™.(C M Inext™.B)) capturing the question above is
unsatisfiable w.r.t. the axioms presented.

Such examples motivate the study of Description Logics (DL) that allow the transi-
tive closure of roles to occur in both concept and role inclusion axioms. We introduce
in this work a DL that can model systems as described in Example 1 and propose a
tableaux-based decision procedure for concept satisfiability problem in this DL.

To the best of our knowledge, the decidability of SHZ O, which is obtained from
SHZQ by adding transitive closure of roles, is unknown. [4] and [5] have established
decision procedures for concept satisfiability in SHZ, and SHZO by using neigh-
borhoods representing an individual with its neighbors in a model, to build completion
graphs. In the literature, many decidability results in DLs can be obtained from their
counterparts in modal logics ([6], [7]). However, these counterparts do not take into
account expressive role inclusion axioms. In particular, [7] has shown decidability of
a very expressive DL, so-called CAT S, including SHZQ with the transitive closure
of roles but not allowing it to occur in role inclusion axioms. [7] has pointed out that
the complexity of concept subsumption in CA7T S is EXPTIME-complete by translating
CATS into the logic Converse PDL in which inference problems are well studied.

Recently, there have been some works in [8] and [9] which have attempted to aug-
ment the expressiveness of role inclusion axioms. A decidable logic, namely SROZQ,
resulting from these efforts allows for new role constructors such as composition, dis-
jointness and negation. In addition, [10] has introduced a DL, so-called ALC QZb,Teg,
which can capture SRZQ (SROZQ without nominal), and obtained the worst-case
complexity (EXPTIME-complete) of the satisfiability problem by using automata-based
technique. ALC QIb;feg allows for a rich set of operators on roles by which one can
simulate role inclusion axioms. However, transitive closures in role inclusion axioms
are expressible neither in SROZQ nor in ALCQZb,,,.

In addition, tableaux-based algorithms for expressive DLs like SHZQ [11] and
SHOZQ [12] result in efficient implementations. This kind of algorithms relies on two
structures, the so-called tableau and completion graph. Roughly speaking, a tableau for
a concept represents a model for the concept and it is possibly infinite. A tableau trans-
lates satisfiability of all given concept and role inclusion axioms into the satisfiability
of semantic constraints imposed /ocally 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
[13] for satisfiability in ALC,., (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, [9] has shown that an arbitrary extension of role
inclusion axioms, such as adding R .S C P, may lead to undecidability. Additionally,
as it turned out by [11], the interaction between transitive 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 undecidable [14], to the problem
in question.

Tableaux-based algorithms for expressive DLs such as SHZQ [11] and SHOZQ
[12] result in efficient implementations. This kind of algorithms relies on two structures,
the so-called tableau and completion graph. Roughly speaking, a tableau for a concept
represents a model for the concept and it is possibly infinite. A tableau translates satisfi-
ability of all given concept and role inclusion axioms into the satisfiability of constraints
imposed locally on each individual of the tableau by the semantics of concepts in the
individual’s label. This feature of tableaux will be called local satisfiability property.
To check satisfiability of a concept, tableaux-based algorithms try to build a comple-
tion graph whose finiteness is ensured by a technique, the so-called blocking technique.
It provides a termination condition and guarantees soundness and completeness. The
underlying idea of the blocking mechanism is to detect “loops” which are repeated
pieces of a completion graph. When transitive closure of roles is added to knowledge
bases, this blocking technique allows us to lengthen paths through such loops in order
to satisfy semantic constraints imposed by transitive closures. The algorithm in [13] for
satisfiability in ALC,.4 (including the transitive closure of roles and other role opera-
tors) introduced a method to deal with loops which can hide unsatisfiable nodes. This
method detects on so-called concept trees, “good” or “bad” cycles that are similar to
those between blocking and blocked nodes on completion trees.

To deal with transitive closure of roles occurring in terms such as 3Q.C, we have
to introduce a new expansion rule to build completion trees such that it can generate a
path formed from nodes that are connected by edges whose label contains role Q. In
addition, this rule propagates terms 3QT.C' to each node along with the path before
reaching a node whose label includes concept C. Such a path may go through blocked
and blocking nodes and has an arbitrary length. To handle transitive closures of roles
occurring in role inclusion axioms such as R = T, we use another new expansion rule
that translates satisfaction of such axioms into satisfaction of a term 3Q*.®. From the
path generated from 3Q*.®, a cycle can be formed to satisfy the semantic constraint
imposed by R C Q™. Since the role @, which will be defined to be simple, does not
occur in number restrictions, the cycle obtained from this way does not violate other
semantic constraints.

The contribution of the present paper consists of (i) proving that if we add transitive
closure of roles to SHZQ without restriction the obtained logic is undecidable even if
roles are simple according to the defintion presented in [11], (ii) designing a new logic,
namely SHZQ_, with a new definition for simple roles and presenting a tableaux-based
algorithm for satisfiability of concepts in SHZ Q.

2 The Description Logic SHZ Q .

The logic SHZ Q. is an extension of SHZQ by allowing transitive closure of roles to
occur in concept and role inclusion axioms. In this section, we present the syntax and
semantics of the logic SHZ Q. This includes the definitions of inference problems and
how they are interrelated. The definitions reuse some notation introduced in [12].



Definition 1. Let R be a non-empty set of role names. We denote Ry = {P~ | P € R}

and Ry ={Q7 | Q e RURy}.

* The set of SHZ Q y -roles is RUR|UR ;.. A role inclusion axiom is of the form R C S

for two SHTZQ -roles R and S. A role hierarchy R is a finite set of role inclusion ax-

ioms.

* An interpretation T = (AT, ) consists of a non-empty set AT (domain) and a func-

tion -T which maps each role name to a subset of AT x AT such that, for R € R,

QT € Ry,

R = {{a,y) € (A9 | (y,x) € R7}, (@) = | J (@) with (Q) = QF and
n>0

Q") = {(z,y) € (A7)* | Fz € A% (z,2) € (Q"1)F, (z,y) € Q7).

An interpretation T satisfies a role hierarchy R if RT C ST for each R C S € R. Such

an interpretation is called a model of R, denoted by T = R.

* To simplify notations for nested inverse roles and transitive closures of roles, we de-

fine two functions -© and -© as follows:

R~ ifRER, R* ifRER,

RE S ifR=S"and S € R, RO _ S+ ifR=(ST)"and S € R,
(S)T ifR=STand S € R, (S7)T ifR=S"and S € R,
S+ ifR=(S")"and S € R (ST fR=(ST) " and S e R

* A relation & is defined as the transitive-reflexive closure R* of C on R U {R° C
S| RESeRIU{RPCS® | RESeRIU{QEQY | Q e RUR}. We
denote S = R iff RS and SkR.

* A role R is called simple w.r.t. R iff (i) Q&R ¢ R for each Q € RUR,, and
(ii) RER, PER'® € R* implies PER' € R*. We define a function Cyc(R) which
returns true iff R does not satisfy the condition (ii).

The reason for the introduction of two functions -© and -® in Definition 1 is that
they can avoid using R~ and R*™ and it remains a unique nested case (R~)T.

Notice that a transitive role S (i.e. (z,y) € ST, (y,z) € ST implies (z,z) € S%
where Z is an interpretation) can be expressed by using a role axiom S® C S. In
addition, a role R which is simple according to Definition 1 is simple according to [11]
as well. In fact, if QPER ¢ RT for each Q € R U R, then there is no transitive role
S such that SR € R*. Otherwise, we have Q®ER € RT since Q®xS € RT.
Finally, if RES € R* and R is not simple according to Definition 1 then S is not
simple according to Definition 1.

Definition 2. Let C be a non-empty set of concept names.

x The set of SHZ Q. -concepts is inductively defined as the smallest set containing all
CinC, T,CND,CUD, -C,3R.C,VR.C, (<nS.C) and (>n S.C) where C and
D are SHZQ -concepts, R is an SHZQ -role and S is a simple role. We denote L
for —T.

* An interpretation T = (AT, -T) consists of a non-empty set AT (domain) and a func-
tion -T which maps each concept name to a subset of AT such that

T =A%, (D) =CcTnDt (CuD)*=cCcTuD? (-C)F = AT\CE,
BR.C)YE ={z € AT | Ty c AT, (z,y) € RT Ay € CF},



(VR.C)E ={z € AT |Vy € AT, (z,y) € RT = y € C7},

(>nS.0)t = {x € AT | card{y € CT | (z,y) € ST} > n},

(<nS.0)t ={z € AT | card{y € CT | (x,y) € ST} <n}

where card{S} is denoted for the cardinality of a set S.

x* C T D is called a general concept inclusion (GCI) where C,D are SHZQ, -

concepts (possibly complex), and a finite set of GCIs is called a terminology T. An
interpretation T satisfies a GCI C C D if CT C D7 and T satisfies a terminology T
if T satisfies each GCI in T. Such an interpretation is called a model of T, denoted by
ITET.

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, Z = T and C* # (). Such an interpretation
is called a model of C w.rt. R and T. A pair (T, R) is called a SHI Q. knowledge
base and said to be consistent if there is a model T of both T and R, i.e., T = T and
ITER.

* A concept D subsumes a concept C w.r.t. R and T, denoted by C C D, if CT C Dt
holds in each model T of (T, R).

Since negation is allowed in the logic SHZQ, unsatisfiability and subsumption
w.r.t. (7, R) can be reduced each other: C' C D iff CM—D is unsatisfiable. In addition,
we can reduce ontology consistency to concept satisfiability w.r.t. a knowledge base :
(T, R) is consistent if A LI —A is satisfiable w.r.t. (7, R) for some concept name A.
Thanks to these reductions, it suffices to study the satisfiability of a concept C' w.r.t. a
knowledge base (7, R).

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 SHZQ -concept can
be transformed to an equivalent one in NNF by using DeMorgan’s laws and some equiv-
alences as presented in [11]. 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 Q4 -concept in NNF. We define sub(D) to be the smallest set that
contains all sub-concepts of D including D. In addition,

For a knowledge base (7', R), we use R (7 ) to denote the set of all role names oc-

curring in 7, R with their transitive closure and inverses. We denote by R?FT R) the set

of transitive closure of roles occuring in R (7 ). In addition, we define sets sub(7", R)



and s/u\b('T, R) as follows:

sub(7T,R) = U sub(nnf(=C' U D), R) where (1)
CCDeT
sub(E,R) =sub(E)U{~C | C e sub(E)} U )

{VS.C'| (VR.C € sub(E), S&R) or (-VR.C € sub(E), SER)
where S occurs in T or R} U
{3P.B| B € {C,3P?.C},3P®.C € sub(E)}

by = ['] C foreach o C sub(T,R) (3)
Ceo U {=D|De&sub(T,R)\c}
& ={P, |0 Csub(T,R)} 4

sub(7,R) = ®U{a.B| a € {IPIP® 3P 3P}, P® € R{; ), B €D} (5)

2.1 Tableaux for SHZQ

Tableau structure is introduced to describe a model of a concept w.r.t. a terminology
and role hierarchy. Properties in such a tableau definition express semantic constraints
resulting directly from the logic constructors in SHZ Q. .

Considering the tableau definition for SHZQ presented in [11], Definition 3 adopts
two additional properties, namely P8 and P9. In particular, P8 imposes a global con-
straint on a set of individuals of a tableau. This causes the tableaux to lose the local
satisfiability property. A tableau has the local satisfiability property if each property of
the tableau is related to only one node and its neighbors. This means that, for a graph
with a labelling function, checking each node of the graph and its neighbors for each
property is sufficient to prove whether this graph is a tableau. The tableau definition for
SHIQ in [11] has the local satisfiability property although SHZQ includes transitive
roles. The propagation of value restrictions on transitive roles by V¥ -rule (i.e. the rule
for VR.C' if R is transitive or includes a transitive role) and the absence of number re-
strictions on transitive roles help to avoid global properties that impose a constraint on
an arbitrary set of individuals in a tableau.

Definition 3. Let (T, R) be a SHIZ Q. knowledge base. 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

3 9sub(T,R)USUB(TR) g f €1 Rirr)— 25%8 and there is some individual s € S such
that D € E(S) Foralls € S, C,C1,C, € SUb(T, R) U S/U\b(T, R), R,S € R(T,’R)
and Q% € R(+T R) T satisfies the following properties:



P11IfCy C Cy € T then nnf(—C1 U Cy) € L(s),

P2 If C € L(s) then -C ¢ L(s),

P3IfCi M Cy € L(s) then Cy € L(s) and Cy € L(s),

P4 If Ch U Cy € L(s) then Cy € L(s) or Cy € L(s),

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

P6 IfVS.C € L(s), Q¥ES and (s,t) € ( ) then VQ®.C € L(t),

P7If3P.C € L(s) with P € R(1 ) \ R(T ) then there is some t € S such that
(s,t) € E(P)and C € L(1),

P8 If3Q®.C € L(s) then (3Q.C LU 3Q.3Q®.C) € L(s), and there are 51, -+ , 8, € S
such that 3Q.C € L(sg) U L(Sp—1) and (s;,8i+1) € E(Q) with0 < i < n, so = s and
3Q%.C € L(s;) forall 0 < j < n.

PO If (s,t) € E(QP) then QP .D, € L(s) witho = L(t) Nsub(T,R) and
b, = |—| C,

Céeo U {~D|Desub(T,R)\o}
P10 (s,t) € E(R) iff (t,s) € E(R®),

P11 If( t) € E(R) and RES then (s,t) € £(5),

P12 If(< nS.C) € L(s) then card{ST(s,C)} < n,

P13 If (> nS.C) € L(s) then card{ST(s,C)} > n,

P14 If (< nS.C) € L(s) and (s,t) € E(S) then C € L(t) or ~C' € L(t) where

c
ST(s,C) == {t € S|(s,) € E(S) A C € L(t)},

Notice that all properties in Definition 3, particularly, the properties P8 and P9 en-
sure that the label of nodes is a subset of sub(7,R) USU/\b(T, R). In the remainder of the
sections, we formulate and prove a lemma that affirms that a tableau represents exactly
a model for the concept. P8 in Definition 3 expresses not only the semantic constraint
imposed by the transitive closure of roles occurring in concepts such as 3Q®.C (i.e. a
path including nodes are connected by edges containing () and the label of the last node
contains C) but also the non-determinism of transitive closure of roles (i.e. the term
3Q.C may be chosen at any node of such a path to satisfy 3Q®.C). Additionally, P8
and P9 in Definition 3 enable to satisfy each transitive closure Q¥ occurring in the label
of an edge (s, t) with simple role ). In fact, P9 makes &, belong to the label of a node
t" and s connected to ¢’ by edges containing @ due to P8. The definition of @, allows ¢’
to be combined with ¢ without causing contradiction. Moreover, this combination does
not violate number restrictions since () is simple. For this reason, the new definition for
simple roles presented in Definition 1 is crucial to decidability of SHZ Q.

In addition, P8 and P9 defined in this way do not require explicitly cycles to satisfy
role inclusion axioms such as R T Q®. This makes possible design of tableaux-based
algorithm for SHZ Q. which aims to build tree-like structure i.e. no cycle is explic-
itly required to be embedded within this structure. The following lemma affirms that a
tableau represents exactly a model for the concept.

Lemma 1. Let (T,R) be a SHZQ knowledge base. Let D be a SHZ Q. concept. D
is satisfiable w.r.t. (T, R) iff there is a tableau for D w.rt. (T, R).



Proof. e “If-direction”. Let T = (S, L, &) be a tableau for (7,R). A model Z =
(AT, . T) can be defined as follows:
AT =8,
AT ={s| A € L(s) for all concept name A in T},
ST=£(S)u&(S)u U (E(Q)UE(Q))T for all role name S in 7 and R
QPESERT
where
g'(R) = U {{s,) [ (',t) € £(Q), L (s) = LI(s), L(t) = L'(¢')}
Cye(Q),QERERT
with £/ (w) = L(w) Nsub(T,R)

Due to RES € RT iff RPES® € R, and Cyc(Q) iff Cyc(Q®) and the definition of
E'(S), we have :

E'(8%) ={{t.s) | (s,t) € E'(5)} ()
Due to P11 and the definition of £'(.S), we have :
RES e RT = &' (R) C &£'(S) @)
Due to Definition 1, it follows :

(S+)I = U {(<50781>a ) <5n—135n>) | <5i75i+1> S SI,O § ) S n — 1} (8)

n>0
To show that Z is a model of (7', R), we have to show:

1. T |="R.Assume R C S € R. We have to prove R C SZ. Since (S~)* = (ST)~,
RCSiff R~ C S ,and RC S~ iff R~ C S, it suffices to consider the following
unnested cases :

(@ R= P~ and S € R. Let (s,t) € (P~)Z. This implies that (¢, s) € PZ. Due
to the definition of PZ, we consider the following cases:
(i) Assume that (t,s) € E£(P). This implies that (s,t) € £(P~), and thus
(t,s) € E(R) due to P10 and P11. It follows that (t,s) € R’ due to the
definition of RT.
(ii) Assume that (t,s) € &'(P) i.e. there are individuals s’,¢ and some role
Q such that £'(s) = L'(s'), L'(t) = L'({t'), (t',s') € £(Q) with Cyc(Q)
and QP € R*. Due to P10 and P11, this implies that (s',t') € £(Q®),
Cyc(Q®) and QP&ES € R™. From the definition of S7 it follows that (s, ) €
ST,
(iii) Assume that there are (¢, s1), - , (sn, s) € £(Q)UE'(Q) with QPEP €
R . This implies that (s, s, ), -+, (s1,t) € E(Q®) U E'(Q®) due to P10 and
(6). Moreover, from QPEP € R it follows that (Q°)®EP® € R™T, and
thus (Q°)PER € RT. Due to the definition of RZ, we have (s,t) € RT.

(b) R= PTandS € R.Let (s,t) € (P*)Z. From (8), there are (s, 51), - , (Sn,t)
€ PZ. Due to the definition of PZ, we consider the following cases:
Assume that (s;, s;+1) € E(P)UE'(P).



Assume that there are (s;, w1), -+ , (Wi, Si+1) € E(P")UE'(P') where P T &P €

R* with some i € {0,n + 1},80 = 8,8,41 = t. Since P"T&EP € R' im-
plies P’EP € R™, P11 and (7), it holds that (s;,w1), -, (W, Si11) €
E(P) U E'(P). This implies that

Juy, - ug c (s,ur), -, (ug, t) € E(P)UE'(P) 9)

According to the definition of ST with PT&S € R* and (10), we have (s, t) €
ST,

(c) Re Rand S = Q*. Let (s,t) € RZ. According to the definition of RZ, we
consider the following cases:
(i) Assume that (s,t) € E(R) and (s, t) ¢ £(Q) (f (s,t) € E(Q) then (s,t) €
QT C (QM)T). By P11, we have (s, t) € £(Q™). Moreover, due to P7, P8 and
P9 there are (s, $1), -+ , (Sn—1,5n) € E(Q) With P, = |_|

CeoU{~D|Déesub(T,R)\o}

L(sy)and o = L(t)Nsub(T,R) = L'(t). Due to P3 we have £'(t) C L'(s,).
Let D € L(sy) Nsub(7T,R). If D ¢ L(t) Nsub(7,R) then, by the defini-
tion of &,, ©D € L(t) Nsub(7,R). By P2, this is not possible, and thus
L'(t) = L'(sy,). Due to the definition of Q% we have

<Sn—l7t> € QI and <5,51>7 T <Sn—275n—l> S QI (10)

(ii) Assume that (s,?) € £'(R). According to the definition of £'(R) there are
individuals s’,t" and some role P such that £'(s) = L/(s"), L'(t) = L'(t'),
(t',s"y € £(P) with Cyc(P) and PER € R™". Due to P11 we have (s',t') €
E(QT). Assume that (s',t') ¢ £(Q) (f (s',t') € £(Q) then (s,t) € QT C
(Q)T). Due to P7, P8 and P9 there are (s',s1), -, (sn_1,5,) € E(Q)
with @, € L(s,) and o = L(') Nsub(T,R) = L'(t'). Since L'(s) = L'(s'),
L'(t) = L'(t) = L (sn), Cyc(Q), we have

<5751>7 <Sn—17t> S QI and <31752>a T <Sn—2a3n—1> S QI (11)

due to the definition of Q.

(iii) Assume that there are (s, s1), -, (sn,t) € E(P)UE'(P) with PTER €
RT.Since PTER € R implies PER € R™, P11 and (7), it holds that there
are (s,u1), -, (Um,t) € E(R) UE'(R). From (10) and (11) we obtain

El’l)h"',’l}kl<$,’l}1>7"'7<1}k7t>€@z (12)

(d) R=Ptand S = Q. Due to (10), (11) and (12).
2. TE=Tie if CC D e T then CT C DT,
3. DT #0.

The items 2 and 3 are proved if we can show that C € L(s) implies s € C7 for all
s € S (**). In fact, due to P1 it follows that nnf(—-C U D) € L(s) forall s € S
and C T D € T. Due to (**) and Definition 2, we have s € (nnf(=C U D)) =
(-Cu D)t = (=C)!uD?* foralls € Sand C C D € T. This implies that if s € C*
then s € DZ. Therefore, the item 2 is shown.

Ce



Moreover, since T is a tableau for D and thus, there exists s € S such that D €
L(s). Due to (*%) it follows s € DT # (). Therefore, the item 3 is shown.
We now prove (**) by induction on the length of a concept C, denoted len(C') where
C'in NNF, is defined as follows:

len(A) :=len(—A) =0

len(C1 M Cq) :=len(Cy U Cy) := 1+ len(Ch) + len(Cs)

len(VR.C) :=len(3R.C) :=1+len(C)
Two basic cases are C' = A or C = —A. If A € L(s) then, by the definition of Z,
s € AT If A € L(s) then, by P2, A ¢ L(s) and thus s ¢ AZ. For the inductive step,
we have to distinguish several cases:

- C=C1MNCy. P3and C € L(s) imply Cy,Cs € L(s). By induction, we have s €
C% and s € CZ. Since 7 is an interpretation (Definition 2) hence s € (Cy 1 C)Z.
— C = (4 U (5. The same argument.

- C =4dS.FEwith S € R1.R) \ RZ“T,R). According to P7, there is some t € S

such that E € L(t) and (s,t) € £(S). By induction, we have ¢t € EZ. From the
definition of S7 it follows that (s, t) € ST and thus s € CZ.

- C =3Q%.E. According to P8, there are s1, - - - , s, such that (s, s1), -+, (Sn—1,5n) €
E(Q)and E € L(s,). By induction, we have s,, € EZ. Moreover, from the defini-
tion of Q7 it follows that (s, 51), -+ , (Sn_1, n) € QT and thus s € CZ.

- C = VS.E. Lett € S be an individual such that (s,t) € SZ. According to the
definition of SZ, we consider the following cases:

o (s,t) € £(S). According to P5 it follows that £ € L(t). By induction, we
have t € EZ and thus s € C7.

e (s,t) € &'(S). This implies that there are indivuduals s’, ¢ and some role
P such that £'(s) = L/(s), L'(¢t) = LI(t), (t',s") € E(P) with Cyc(P)
and PES € RT. We have VS.E € sub(T,R) and thus VS.E € L/(s').
Due to P11 and PES € Rt we have (¢',s') € £(S). From P5 it follows
E € L'(t') = L/'(t) C L(t). By induction, we have t € EZ and thus s € CZ.

o (5,51),  +,{sn,t) € E(Q) U E(Q) with QPES € RT. By the definition
of QZ, we have (s, 1), , (sp, s € Q*. Moreover, according to P6 (with
QPEQY € RT and the same argument above if (s;, s;11) € £'(Q)), it follows
that VQ®.E € L(s;) foralli € {1,---n}. Due to QEQ® € R™ and P11 it
follows that (s,,t) € £(Q®). This implies that £ € L(t) due to P5. By
induction, we have ¢ € EZ and hence s € CZ.

- C = (> nS.E) where S is simple. We have #S7 (s, E) > n. This means that there
are si,--- ,sp, € Ssuchthat (s,s;),---,(s,s;) € E(5), E € L(s;) with s; # s;
for all i # j. By induction, we have s; € EZ, and (s, s;) € ST since £(S5) C ST.
Thus, s € (> nS.E)~.

- C = (< nS.E) where S is simple. Since S is simple, according to the def-
inition of Z, we have £'(S) = () and U (E@QUEQ)T = 0. Thus,

QPESeERT
ST = &(S). Moreover, according to P12, #S7(s,C) < n. We try to show
#5% (s, E) < #S7(s, E). By absurdity, assume that there is some ¢ € S such
thatt € ET, (s,t) € ST but E ¢ L(t) (since £(S) = S7T). According to P14, we
have ~F € L(t). By induction, we have ¢ € (-E)? which contradicts t € EZ.



e ”Only-If-direction”. Let T = (AZ, .Z) be a model of (7, R).
Let 1(s) = {C € sub(T,R) | s € CT}. First, we show that

For each s € AT | it holds that s € ( |_| C )I (13)
Ced,(s) U {~D|Desub(T,R)\&1(s)}

In fact, for each D € sub(7,R) and for each s € A7 it holds that s € (=D U
D)t = AZ. Moreover, if D ¢ {C € sub(T,R) | s € CT} then s ¢ D* and thus
s € (5D)t = (=D)Z.

Atableau T' = (S, £, &) for (T, R) can be defined as follows:

S =A%
E(R) = R for all role R occurring in 7 and R,
L(s) ={FE e sub(T,R)U{ ['] C}|seE"Y

Ced1(s) U {-D|Desub(T,R)\&1(s)}
We now show that 7" is a tableau of (7, R).

- P1, P2, P3, P4. Obvious.

- P5.LetVS.C € L(s) and (s,t) € £(S). According to the definition of T', (s,t) €
E(S) = SZ. Since 7 is a model, we have ¢t € CZ. Due to the definition of 7', we
have C € L(t).

- P6.Let VS.C € L(s) with QPES and (s,t) € £(Q). According to the definition
of T, (s,t) € £(Q) = Q*. We have to show that VQ®.C' € L(t). Assume that
there are (t,t1),---, (tn_1,t,) € Q. Due to that Q¥&S and T is a model, we
have (s,t,) € SZ, and thus t,, € CZ. This implies that t € (VQ®.C)Z. By the
definition of 7', we have VQ®.C € L(t).

— P7.Let35.C € L(s). There is some ¢ such that (s, ) € ST andt € CZ. According
to the definition of 7, (s, t) € £(S) = ST and C € L(t).

— P8. Let 3P®.C € L(s). There are (s,51), - ,{sSp_1,5,) € P, s, € CT and
AP®.C € L(s;) with0 < i < n, sp = s. According to the definition of T', we have
(8iy8i+1) € E(P) such that C' € L(sy,), 3Q.C € L(sp—1), (APP.C) € L(s;)
with 0 < i < n. We show that 3P.C' € L(s) or IP.IP®.C € L(s).

If n = 1then C € L(s1) and s; € CT. This implies s € (3P.C')Z. Due to the
definition of T', we have IP.C € L(s).

Assume that n > 1. We have s; € (3P®.C)Z. This implies that s € (3P.3P®.C)*
due to (s, s1) € PZ. From the definition of 7, it follows that IP.3P®.C' € L(s).

- P9.Let(s,t) € £(Q®). This implies that there are (s, s1), - , (s,,t) € QF. From
the definition of T, we have (s,s1), -+, {(sp,t) € £(Q). Due to the definition
of T and (13), we have t € (®,)T with ¢ = L(t) N sub(7,R). This implies
5 € (3Q®.9,)%. From the definition of T', we have (3Q®.®,) € L(s).

- P10-P14. Obvious.

3 A tableaux-based decision procedure for SHZ QO

As mentioned, a tableau for a concept represents a model that is possibly infinite. How-
ever, the goal of a tableaux-based algorithm is to find a finite structure that has to imply
a tableau. Conversely, the existence of a tableau can guide us to build such a structure.
Such a finite structure is introduced in Definition 4, namely, completion tree.



Definition 4. Let (7T, R) be a SHI Q. knowledge base. Let D be a SHI Q. concept.
A completion tree for D and (T, R)isatree T = (V. E, L, xT, 7£) where

x V' is a set of nodes containing a root node xr € V. Each node x € V is labelled with
a function L such that L(x) C sub(T,R) U s/u\b(T, R). In addition, # is a symetric
binary relation over V.

x E is a set of edges. Each edge (x,y) € E is labelled with a function L such that
L((z,y)) € R(T,R)-

xIf (x,y) € E theny is called a successor of x, denoted by y € succ'(z), or x is called
the predecessor of y, denoted by x = pred* (y). In this case, we say that x is a neighbor
of y or y is a neighbor of x. If z € succ™(x) (resp. z = pred” (z)) and y is a successor
of z (resp. y is the predecessor of z) then y 6 succ™ ) (z) (resp. y = pred "t (z))
for all n. > 0 where succ®(z) = {x} and pred®(z) = x.

* A node y is called a R-successor of z, denoted by y € succ}{(x) (resp. y is called
the R-predecessor of x, denoted by y = pred};{(:n) ) if there is some role R’ such that
R' € L({x,y)) (resp. R’ € L({y,x))) and R'&R. A node y is called a R-neighbor of x
if y is either a R-successor or R-predecessor of x. If z is a R-successor of y (resp. z is
the R-predecessor of y) and y € succl(x) (resp. y = pred(z)) then z € succgﬂ)(
(resp. z = predgLH)( ) for n > 0 with succ (z) = {x} and x = pred’ ().

* For a node x and a role S, we define the set ST (x, C) of x’s S-neighbors as follows:

ST(x,C) = {y € V | yis a S-neighbor of x and C € L(x)}

x)

* A node x is called blocked by y, denoted by y = b(z), if there are numbers n,m > 0
and nodes ', y,y' such that

xr = pred”(y), y = pr ed (x), and

2’ = pred' (z), y/ = pred' (y), and

L(z) = L(y), C( ") = L(y'), and

L@, 2)) = £((y',v)), and |

if there are z, 2’ such that 2’ = pred' (2), pred'(2') = zp, L(2) = L(y), L(2) =
L(y )and£(< 2)) = LY, y)) then n < i.

SR~

* We define an extended function succ from succ over T as follows:

— if x has a successor y (resp. x has a R-successor y) that is not blocked then y €
suce' () (resp. y € su/?c}%(sc)),

— if x has a successor z (resp. x has a R-successor z) that is blocked by b(z) then
b/(z) € succ’ (x) (resp. b(z) € sucep(x)).

— ify € succh(x) and = € succ(y) then = € w/c\cgﬂ)(aﬁ)forn > 0.

* A node z is called a AR® .C-reachable of x with AR®.C € L(z) ifthereare x1, -+ , Tpyn €
V with x4y, = 2,20 = x and k +n > 0 such that x; = pred’k(:po), JR®.C € L(z;)
with i € {0,--- ,k}, and x4, € succy (), IR®.C € L(xj41), IR.C € L(T(k1n))
with j € {0,--- ,n}.

x Clashes : T is said to contain a clash if one of the following conditions holds:



1. There is some node © € V such that {A,-A} C L(x) for some concept name
AeC,

2. There is some node x € V with (< nS.C) € L(x) and there are (n + 1) S-
neighbors i1, - - - , yni1 of @ such that y; # yj and C € L(z;) forall1 <i < j <
(n+1),

3. There is some node x € V with 3R®.C' € L(x) such that there does not exist any
AR®.C-reachable node y of z,

The definition of tableaux provides a strategy to design an algorithm that can be
described by a set of rules, namely expansion rules. Algorithm 2 builds a completion
tree for a SHZ Q. concept by applying the expansion rules in Figure 2 and 3. The
expansion rules in 2 were given in [11]. We introduce two new expansion rules that
correspond to P8 and P9 in Definition 3.

Algorithm 2 builds a completion tree for a SHZ Q concept by applying the expan-
sion rules in Figure 2 and 3. The expansion rules in Figure 2 were given in [11]. We
introduce two new expansion rules that correspond to P8 and P9 in Definition 3.

In comparison with SHZQ, there is a new source of non-determinisms that could
augment the complexity of an algorithm for satisfiablity of concepts in SHZQ_ . This
source comes from the presence of transitive closure of role in concepts. This means
that for each occurrence of a term such as 3Q®.C in the label of a node of a completion
tree we have to check the existence of a sequence of edges such that the label of each
edge contains () and the label of the last node contains C'. The process for checking the
existence of paths whose length is arbitrary must be translated into a process that works
for a finite structure. To do this, we reuse the blocking condition introduced in [11]
and introduce a function succ(z) that returns the set of x’s successors in a completion
tree. An infinite path over a completion tree can be defined thanks to this function. The
34 -rule in Figure 3 generates all possible paths. The clash-freeness of the third kind in
Definition 4 ensures that a “good” path has to be picked from this set of all possible
paths.

The function checkReachabiIityg(x7 d, B) depicted in Algorithm 1 represents an
algorithm for checking the clash-freeness of the third kind for a completion tree. It
returns a 3Q®.C-reachable node of x if there exists one. In this function, the parameter
x represents a node of the tree to be checked i.e. there is a term such as 3Q®.C' € L(z).
The parameter d indicates the direction to search from x. Depending on d = 1 or
d = 0, the algorithm goes up to ancestors of z or goes down to descendants of x
respectively. When the algorithm goes down, it never goes up again. The subset B C V'
represents the set of all blocked nodes among the nodes that the algorithm have visited.
The function checkReachabiIityg (z,1,0) would be called for each non-blocked node
x of a completion tree and for each term such as 3Q®.C' € L(z).

As shown in Lemma 2, the complexity of Algorithm 1 is bounded by a double
exponential function in size of inputs.

Lemma 2 (Termination). Lez (T, R) be a SHZ Q. knowledge base. Let D be a SHI Q. -
concept w.r.t. (T, R). Algorithm 2 terminates.

Proof. The termination of Algorithm 2 is a consequence of the following claims:



C-rule:
M-rule:
Lil-rule:

J-rule:

V-rule:

V4 -rule:

ch-rule:

>-rule:

<-rule:

if CCDeTandnnf(-CUD)¢ L(x)
then L(z) «— L(z) U {nnf(-C U D)}
if CiNCy e ﬁ(:lf) and {Cl, 02} g E(LE)
then L(z) «— L(z) U {C1,C>2}
if CiuCsy e (I) and {01702}ﬁ[,(1‘) =0
then £(z) «— L(z) U {C} for some C € {C1,C>}
if 1. 35.C € L(x), = is not blocked, and
2. z has no S-neighbour y with C' € L(y)
then create a new node y with £({(z, y))={S} and L(y)={C}
if 1. VS.C' € L(x), and
2. there is a S-neighbour y of = such that C' ¢ L(y)
then L(y) +— L(y) U{C}
if 1. VS.C' € L(x), and
2. there is some Q with Q® &S, and
3. there is an Q-neighbour y of z such that VQ®.C ¢ L(y)
then L(y) +— L(y) U {vQ®.C}
if1. (£ nS.C) € L(z),and
2. there is an S-neighbour y of = with {C,~C} N L(y) =0
then L£(y) +— L(y) U{E} forsome E € {C,~C}
if 1. (> n S.C) € L(z) and z is not blocked, and
2. there are no n S-neighbors y1, ..., yn such that C' € L(y;), and y; 7y, for
1<i<j<n,
then create n new nodes y1, ..., yn with L({z,y:))={S},
L(y:)={C}, and y;#y; for 1 <i < j <mn.
if 1. (<nS.C) e L(z), and
2. card{ST(x,C)} > n and there are two S-neighbors y, z of x with
C € L(y) N L(z), y is not an ancestor of z, and not y#z
then 1. £(z) «— L(z) U L(y) and L((z,y)) +— O
2.If z is an ancestor of
then £L((z,x)) +— L({z,2)) U{R® | R € L({z,y))}
else L((z, z)) «— L({z,2)) UL((z,y))
4. Add u##z for all u such that uy

Fig. 2. Expansion rules for SHZ Q presented in [11]

Jyrule: if  3SP.C € L(z) and (3S.C LU3S.3S®.C) ¢ L(z)

@-rule:

then £(z) +— L(z) U {35.C L 35.35%.C}
if 2 hasa P®-neighbor y and IP®.¢, ¢ L(z) with o = L(y) Nsub(T,R)
then £(z) = L(z) U {3P%®.¢,}

Fig. 3. New expansion rules for SHZQ |




1 checkReachability®(z, d, B)

2 if 3Q.C € L(x) then
3 | return true;

4 if d = 1 then
5 if there is predg, (x) with 3Q®.C € L(predg,()) then
6 L checkReachabiIityg(pred(lg(ar)7 1,B);

7 foreach 2’ € succh(x) such that 3Q®.C € L(z') do
8 if 3Q.C € L(z') then

9 L return true;

10 if z’ is not blocked then

11 ‘ checkReachability& (', 0, B) ;

12 else

13 if 2’ ¢ 3 then

14 B=BuU{z'};

15 L checkReachability& (b(z"), 0, B) ;

6 return false;

[y

Algorithm 1: checkReachabiIityg(m,al7 B) for checking the existence of a
3Q®.C-reachable node of x € V where d € {1,0}, B C V, 3Q%.C € L(z)

and T = (V, E, L, zT,#) is a completion tree.

Input : A SHZQ, knowledge base (7,R) and a SHZQ  -concept D
Output: Is D satisfiable w.r.t. (7, R) ?

1 Let T = (V,E, L, xT,#) be an initial tree such that V = {xr}, L(zT) = {D}, and
there is no ,y € V such that = # y;

2 while there is a non-empty set S of expansion rules in Figure 2 and 3 such that eachr € S
can be applied to a node x € V do

3 L Apply 7 ;

if there is a clash-free tree T’ which is built by Line 1 to 3 then

| YES;
else

4
5
6
7 LNO;

Algorithm 2: Algorithm for building a completion tree for a SHZQ -concept
w.rt. a SHZ Q. knowledge base




1. Applications of rules in Figure 2 and 3 do not remove concepts from the label
of nodes. Moreover, applications of rules in Figure 2 and 3 do not remove roles
from the label of edges except that they may set the label of edges to an empty
set. However, when the label of an edge becomes empty it remains to be empty
forever. Therefore, we can compute a upper bound of the completion tree’s height
from the blocking condition. This upper bound equals K = 22"** where m =
card{sub(7,R) U s/u\b(T, R)} and k is the number of roles occurring in 7 and
‘R plus their inverse and transitive closure. Moreover, the number of neighbors of
any node is bounded by M = > m,; where m; occurs in a number restriction term
(> m;R.C) that appears in 7.

2. Algorithm 1 checks the clash-freeness of the third kind for each x € V with
3Q®.C € L(x). To do this, it starts from = and go up to an ancestor x’ of z, and
go down to a descendant of z’ through the function succ(x’). The length of such a
path is bounded by K x L where K is given above and L is the number of blocked
nodes of the completion tree. Algorithm 1 may consider all paths which go though
all possible blocked nodes. The cardinality of this set is bounded by the number of
all permutations of the blocked nodes. Therefore, the complexity of Algorithm 1
is bounded by (K x L) x L!. Algorithm 1 would be called for each occurrence of
each term such as 3Q®.C that occurs in each node v € V.

Lemma 3 (Soundness). Let (T, R) be a SHZ Q. knowledge base. Let D be a SHI Q. -
concept w.rt. (T, R). If Algorithm 2 can build a clash-free completion tree for D w.r.t.
(T, R) then there is a tableau for D w.r.t. (T, R).

Proof. Assume that T = (V, E, L, x, 7£) is a clash-free completion tree for D w.r.t.

(T,R). First, we build an extended tree T = (V,E, L, T4, #) from T with help of
functions suce and b(z):

- Tg =T,
- Ifz € V and 2/ € succ(z) then 2/ € V. In particular, if z, 2’ are two disctint
successors of 2 such that b(z) = b(2’) then b(z) # b(z') in sucep ().

From the construction, it follows that if s, s’ € S and s # s’ then succ (s) N
suce' (s') = (). We define a tableau T = (S, £/, €) for D as follows:

— We define S = U succ” (x). Note that S can be considered as the nodes of an
n>0

extended tree of T defined by using succ.

— For each s € succ” (w) there is a unique z, € V such that , € succ¥(xr) and
s € suce () with n = k + 1. We define £/(s) = L(x).

- E£(R) = &1(R) U & (R) where
E1(R) ={(s,t) € S? | R € L({ws, 7)) V R® € L((x4, 7))}, and
E(R) = {(s,1) € 8* | (R € L({zs,2)) A (b(2) = 24)) V (R € L({z¢,2))) A
(b(z") = z))}

We now show 7T satisfies all properties in Definition 3.



P1-P5 hold due to the non-applicable of C-rule, M-rule and LI-rule in Figure 2 and
the facts that T is clash-free.

For P6, assume that s,t € S with VS.C' € L/(s), QPES and (s, t) € £(Q). By the
definition of T, x; is a Q®-neighbor of ;. Due to the non-applicable of V_ -rule, it
follows that VQ®.C € L(x). By the definition of T', we have VQ®.C' € L'(t).
For P7, assume that s € S with 35.C € £'(s). Due to the non-applicable of 3-rule,
it follows that z¢ has a S-neighbor z; such that C' € £(x;). By the definition of T,
we have (s,t) € £(S) and C € L/(¢).

For P8, assume that s € S with 3Q®.C’ € L'(s). Since T is clash-free (third
kind), s has a 3Q®.C-reachable z,, i.e. there are 1, - - - , ¥, such that ;1 is a
@-neighbor of z; or x;11 blocks a Q-successor of z; with x; = z¢ and 3Q.C €
L(xy,), IQ®.C € L(x;) foralli € {0,--- ,n —1}.

Assume that 3Q.C € L'(s). This implies that x5 has a Q-neighbor y such that
C' € L(y) due to the non-applicable of 3-rule. By the definition of 7', there is some
t € Swith ¢ € suce' (s) or s € suce (t) such that (s, t) € £(Q). Thus, P8 holds.
Assume that 3Q.C' ¢ L'(s). According to the definition of 3Q®.C-reachable
nodes, there is some 0 < k < n such that zy, is an ancestor of x(y and xj1 is a (ex-
tended) successor of x. If £ = O then there are sq,--- ,s, Withzs, = z;, 50 = s
and (s;, si11) € £(Q), 3Q.C € L/(s,), IQ®.C € L/(s;) forall i € {0,--- ,n}.
Thus, P8 holds. 4 4

Assume that & > 0. We define a function &&f (t) as follows: pred’ (t) = xr iff
t € succ’ (xr) for all t € S. This implies that for each ¢ € S there is a unique j

such that |;e\d] (t) = zp. Let zp = |§e\dl(s), TT = r;e\dm(xo) = pred™(z¢) and
T = F;e\dp(xk) = pred”(z,). We consider the following cases :
1. Assume m = [. By the definition of T there are sg,---,s, € S such that
x5, = x; and (s;,8,41) € £(Q), IQ®.C € L/(s;) foralli € {0,--- ,n — 1}
with sg = s and 3Q.C € L'(s;,). Thus, P8 holds.

2. Assume m < [. Let 0 < K < [ be the least number such that I@K(s) has a

3Q®.C-reachable y with y € SU/C\CK/(.T/\K . We can pick K = [ — p with

pred (S))
T = ;;e\dp(xk) if there is no such K such that K < | — p. If K = 0 then
k = 0, which is considered. For K > 0, we show that (p/n;ij(s), p/r&ijﬂ(s)) €
£(Q) and 3Q®.C € L'(pred’ (s)) forall j € {0, , I — 1} (%),
For j = 0, we have (s, p/rajl(s» € £(Q) and 3Q%.C € E’(p/rail(s)), since
(s, pred (s)) ¢ £(Q) or IQ®.C ¢ £/ (pred (s)) implies K = 0.
Assume that 3Q%.C' € £’ ([@j(s)) with j < K. Due to the clash-freeness
(third kind) of T, x ored (s) has a 3Q®.C-reachable node w i.e. there are nodes
wy, -+ ,wy, and some k’ > 0 such that wy is an ancestor of x‘;e\dj(s), Wk 41

is a (extended) successor of wy, and w; is a Q-neighbor of w; 1 and IQ®.C €
L(w;), 3Q.C € L(wy) forall i € {0,---,n' — 1} with wg = =

pred’ (s)”

—j+1
Due to j < K and E’(pred] (s)) = E(zp«@jﬂ(s))

3Q%.C e £/(pred’ (). Thus, (***) holds.

, we have ¥/ > 0 and



From (**%*), it follows that there are s; = ;;e\dl(s) foralli € {0,---,K}

and Sgy; = su/c\cj(p;e\dK(s)) forall j € {1,---, K’} such that (sp, sp41) €
E(Q)and 3Q®.C € L'(s1,),3Q.C € L (sk+xk) forallh € {0,--- , K+ K"}
with sg = s. Thus, P8 holds.

— For P9, assume that s,t € S with (s, t) € £(Q?). By the construction of T, x; is
a Q®-successor of z, or x; blocks a Q®-successor y of z, with L(y) = L(x),
or z; is a Q%-predecessor of x, or xs blocks a (Q°)P-successor z of z; with
L(z) = L(xs), L(2") = L(x¢) and L({zy, 2)) = L((', ), (z',25) € E. Due to
the non-applicable of @-rule to xs and z; (or to x5 and y, or to 2’ and x), we have
3Q®.®, € L(xs) with o = L(z) Nsub(T,R). By the definition of 7', it follows
that 3Q® ., € L'(s) with o = L(t) Nsub(T,R).

— P10 and P11 are consequences of the construction of T.

— For P12 assume that s € S with (> nS.C") € £L/(s). Due to the non-applicable of
>-rule, s has n nodes x4, --- ,x, where x; is S-neighbor of x, or the blocking
node of S-successor of z such that C € L(x;) for i € {1,--- ,n}. Due to the
definition of S, there are s1,---,s, € S with x; = z,,, (s,s;) € £(S5) and
C e L/'(s;) foralli € {1,--- ,n} such that s; € suce(s) foralli € {1,--- ,n},
or there is some k € {1,--- ,n} such that s € succ(sy) and s; € succ(s) for all
i €{L,---,n} with i # k. By construction, we have s; # s; with i # j.

— For P13 assume that s € S with (< nS.C) € L/(s). By absurdity, assume that

there are s1,- -+, sp41 € S such that (s, s;) € £(S) and C € L/(s;) forall i €
{1, ,n+1}.
If =, has no blocked successor and s; # s; then x5, # Ts,. Assume that x5 has a
blocked successor z. This implies that there is some s, with k € {1,--- ,n} such
thatz,, = b(z).If s; # s; and 2, 2" are blocked with x,, = b(2), 25, = b(2’) then,
by the definition of succ, z # z’. Due to the non-applicable of <-rule, z:; has (n+1)
distinct S-neighbors x1,- -+, z(,41) such that C € L(z;) for i € {1,---,n},
which contradicts the clash-freeness (second kind).

— For P14 assume that s,t € S with (< nS.C) € L/(s) and (s,t) € £(S). By the
definition of T', x; is a S-neighbor of xs and (< nS.C') € L(x;). Due to the non-
applicable of ch-rule, we have C' € L(x;) or =C € L(x;). Due to the definition of
T, this implies C' € L/(t) or =C € L'(t).

Lemma 4 (Completeness). Let (T, R) be a SHIQ knowledge base. Let D be a
SHZQ  -concept w.rt. (T, R). If there is a tableau for D w.r.t. (T, R) then Algorithm
2 can build a clash-free completion tree for D w.r.t. (T, R).

Proof. Let T = (S,L’,€) be a tableau for (T,R). Let T = (V,E,L,x1,#) be a
completion tree. We show that there exists a sequence of expansion rule applications
such that it generates a clash-free completion tree (**).

We define a function 7 from V' to S progressively over the construction of T such
that it satisfies the following conditions, denoted by (*):

1. L(z) C L (w(x)) forz €V,
2. if y is a S-neighbor of  in T then (7 (z), 7 (y)) € £(95),
3. x # y implies w(z) # 7(y),



4. if 3Q®.C € L(x) and 3Q.C € L'(7(x)) then 3Q.C € L(z) forz € V,

To prove (*¥*), we have to show that (i) we can apply expansion rules such that
the conditions in (*) are preserved, and (ii) if the conditions (*) are satisfied when
constructing a completion tree by expansion rules then the obtained completion tree is
clash-free.

Since T is a tableau there is a node s € S such that D € £/(s). Anode z € V' is
created with w(x) = s and L(x) = {D}. Applications of C-rule, M-rule, 3-rule, V-rule,
V-rule, <-rule, >-rule and ch-rule preserve the conditions in (*). The proof is similar
to that in [11]. We now concentrate on 3 -rule, ®-rule and Li-rule.

1. For 3, -rule, assume that 3Q®.C € L(z). Due to the condition 1 in (*) (in-
duction hypothesis), we have 3Q®.C € L'(w(x)). Due to P8 and P4, we have
(3Q.CU3Q.3Q®.C) € L£'(n(z)) and {3Q.C, 3Q.3Q®.C} N L/ (n(x)) # 0. Ap-
plication of 3 -rule and Ll-rule to z yields {3Q.C,3Q.3Q%.C} N L(z) # 0. If
3Q.C € L'(n(z)) then U-rule can be applied to z such that 3Q.C' € L(z). Thus,
the conditions in (*) are preserved.

2. For @-rule, assume that Q® € L((z,y)). Due to the condition 2 in (*) (induc-
tion hypothesis), we have Q¥ € L'({r(z),(y))). Moreover, due to P9 we have
P99, € L'(r(x)) with o = L'(7(y)) N'sub(T,R). &-rule can be applied to
(z,y) such that L(z) = L(z) U {IP®.D,} with o = L' (7(y)) Nsub(T,R). This
implies that £L(y) C £'(7(y)). Therefore, the conditions in (*) are preserved.

We show that if a completion tree T can be built with a function 7 satisfying (*)
then T is clash-free.

1. If the condition 1 in (*) is satisfied then there is no node = in T such that A, - A €
L(z) due to P2 and the condition 1. That means that 7' does not contain a clash of
the first kind as described in Definition 4.

2. There is no clash of the second kind in T if the conditions 1 to 3 in (¥) are satisfied
with P12.

3. Assume that 3Q®.C' € L(x). Due to the condition 1 in (*), we have 3Q®.C' €
L' (m(x)). According to P8 and P4, there are sy, -+ , s, € S such that (s;, s;11) €
£(Q),3Q%.C € L/(s;) and {3Q.3Q®.C,3Q.CINL (s;) # D fori € {0, -+ ,n—
1} with sg = w(z), and 3Q.C € L'(s) U L' (sp—1)-

Assume 3Q.C € L'(s). Due to the condition 4 in (*), we have 3Q.C € L(x). This
implies that T does not have a clash of the third kind.

Assume 3Q.C' ¢ L/(s) and n > 1. Without loss of the generality, assume that
3Q.C ¢ L/'(s;) foralli € {0,--- ,n — 2} and 3Q.C € L'(s,—1) (otherwise, if
there is some 0 < k < n — 1 such that 3Q.C' € L'(sg) then we pick n = k + 1).
By applying successively 3-rule, 3 -rule and Li-rule, there are nodes z1,--- ,z; €
V such that 7(z;) = s;, Q € L({x;_1,x;)) and {3Q®.C,3Q.3Q®.C} C L(z;)
for all 4 < [ with some [ < n — 1. If | = n — 1 then z has a 3Q®.C-reachable
node x; such that 3Q.C' € L(xz;) due to 3Q®.C € L(z;), 3Q.C € L'(n(z;)) and
the condition 4 in (*). If | < n — 1 and z; is blocked by z then we restart from the
node z with 3Q®.C € L(z) (since L(z) = L(x;)) finding 2}, -+ ,z}, € V which



have the same properties as those of z1, - - - , z;. This process can be repeated until
finding a node w € V such that w is a 3Q®.C-reachable node of x.
Therefore, T does not have a clash of the third kind.

The following theorem is a consequence of Lemmas 2, 3 and 4.

Theorem 1. Algorithm 2 is a decision procedure for satisfiability of SHZ Q. -concepts
w.rt. SHZ Q. knowledge bases.

4 SHIN, isundecidable

This section show that if we add transitive closure of roles to the logic SHZN without
restriction on role hierachies then the obtained logic, denoted by SHZN 4, is undecid-
able. More precisely, SHZN ; role names must be simple according to the definition
of simple roles for SHZ Q i.e. each role name R has no transitive sub-role w.r.t. the role
hierarchy. In addition, role axioms like R C ST or RT C S are allowed in SHZN
role hierarchies where R, S are role names and R+ and ST are transitive closures of R
and S respectively.

The undecidability proof uses a reduction of the domino problem [14]. The follow-
ing definition, which is taken from [11], reformulates the problem in a more precise
way.

Definition 5. A domino system D = (D, H,V) consists of a non-empty set of domino
types D = {Dy,---,D;} and of sets of horizontally and vertically matching pairs
H CDxDandV C D x D. 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 YV 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 inclusion axioms, namely 7p and R p, and (ii) showing that the domino problem
is equivalent to the satisfiability of A w.r.t. 7p and R p. Axioms in Definition 6 specify
a grid (Fig.4) that represents such a domino system.

Globally, given a domino set D = {Dq, - - , D;}, we need axioms that impose that
each point of the plane is covered by exactly one DI (axiom 8 in Definition. 6) and
ensure that each D, is compatibly placed in the horizontal and vertical lines (axiom 9).
Locally, the key idea is to use SHZN ; axioms for describing the grid as illustrated in
Figure 5. For example, we consider how a square of the grid can be formed. Axiom 10

in Definition 6 says that if A has an instance xi with an interpretation Z, then there are
three instances 25, 2%, 2% in BZ,CT, DZ, respectively, such that (z5,2%) € X i
(xf,2L) € Y11I and (x4, %) € espT. These instances are distinct since A, B, C, D
are disjoint by axioms 10, 11, 12 and 13. In addition, by axioms 11, 12, there are
2, 2" € DT such that (25, 23) € Y37, (aZ, /%) € X1T. This is depicted in
Figure 5.



EBC Yll sAD_,-"'

Yll €AD Y21 1o Y11 EAD:"

Fig. 4. The grid illustrates a model of the concept A w.r.t the axioms

. , LI
Since Py subsumes X1, Y3 by axiom 1, we have (2%, 2'Z) € (PL}™) . Moreover,

T

since P%l is functional by axiom 5, (z%,2%) € (P4")" by axiom 3, and £4p7 C
(PLF)” by axiom 3, tl;ere are two possibilities: (i) 2, = 2/Z, and (ii) there is y* such
that (%, yT) € (PL})". This contradicts axiom 13. Therefore, z5, = z/Z. Similarly,
we can get 25, = 2/ff. By this way, the axioms in Definition 6 can yield a grid as in
Figure 5 if concept A is satisfiable.

Definition 6. Letr D = (D, H,V) be a domino system with D = {D,--- ,D;}. Let
N¢ and Ng be sets of concept and role names such that No = {A,B,C,D} U
D, Np = {X; | 4,7 € {1,2}} U{X, Y} U{P¥ | i,4,r,s € {1,2},r # s} U
{eap,epa,epc,ecn}

Role hierarchy:

XLC PY.YJ C PYforalli,j,r,s € {1,2},r # s,

X! CX,Y/CY foralli,re {1,2},

eap TP eap C P} epa T PE T epa C PR,
+ + +

epcCPH T epc C PR, ecp C PR eop C PI3T

Concept inclusion axioms:

T CL1PY foralli,j,r,s € {1,2},r # s,

TCE <1X, TC <1Y,

TE<L leap, TEL 1lepa, TEL lepe, TEL legp,

T Lol [ -b)

1<i<l 1< <l j#i
9. D; CVX. |_| D; MVY. |_| Dy, for each D; € D,
(Di,Dj)eH (D;,Dy)eV

A Wb~

5
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1. BC-AN-CN-DMN3X2.AN3Y,.DMN3epc.CNVYPELNVPE. L,
12. CC-AN-BN-DN3X}.DN3Y2.ANIecp. BNVYPHE. LNVPE .1,
13 DC-AN-BMN-CMN3X;.CN3IY2BMNIeps ANVPL . LMIVP. L.
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X, X3, P3¢ X
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Fig. 5. How each square can be formed from a diagonal represented by an ¢

Theorem 2 (Undecidability of SHZN ). The concept A is satisfiable w.r.t. concept
and role inclusion axioms in Definition 6 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.

5 Conclusion and Discussion

In this paper, we have presented a tableaux-based decision procedure for SHZQ con-
cept satisfiability. In order to define tableaux for SHZQ we introduces new prop-
erties that allow us to represent semantic constraints imposed by transitive closure of
roles and to avoid expressing explicitly cycles for role inclusion axioms with transitive
closure. These new tableaux properties are translated into new non-deterministic ex-
pansion rules which make the complexity of the tableaux-based algorithm jump from
exponential for SHZQ to double exponential for SHZ Q.. An open issue consists in
investigating whether this complexity is worst-case optimal. To the best of our knowl-
edge, this problem has not addressed yet. Another future work concerns the extension
of our tableaux-based algorithm to SHZ Q4 with nominals.
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Appendix

Theorem (2) [Undecidability of SHZN ] The concept A is satisfiable iff there is
a compatible tiling t of the first quadrant 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 interpretation Z = (AT, %) of the concept A w.r.t. the axioms
in Definition 6. Without loss of the generality, we assume that ¢(0,0) = A. Moreover,
each a,, ) is denoted for each point (12, n) of the first quadrant N x N. The figure 1.
illustrates the interpretation that we expect.

1.

AT = {agm,ny | m,n € N}



2. (XD = {{agon, agrn) | (Fmod 2 = 0) A (I mod 2 = 0)}
3. (X2)% = {{agon), agin) | (Fmod 2 =1) A (I mod 2 = 0)}
4. (X3)* = {<a(k 1)7 agr+1,0)) | (kmod2=0) A (Il mod2=1)}
5. (XP)F = {{ag.n, ag+1,p) | (Emod2=1) A (Imod2=1)}
6. (Y1) = {{a(k ), agr41)) | (k mod 2 =0) A (Imod2=0)}
7. (V2 = {{agp. ageisn) | (kmod 2 = 0) A (Imod 2 = 1)}
8. (V)T = {{aruageisn) | (kmod 2= 1) A (I mod 2 = 0)}
9. (Y12>I = {(a(k,l), (k,14+1) > | (k mod 2 = 1) AN (l mod 2 = 1)}
10. (P1121)Z {(a(kJ) a(k+1_,l)> ‘ (k‘ mod 2 = 0) A (l mod 2 = 0)}U
{(a(k’g, a(k_’l+1)> ‘ (kmod 2 = 1) AN (l mod 2 = O)}
11. (lell) = {(a(kJ), a(k+1_,l)> ‘ (k mod 2 = 0) N (l mod 2 = 1)}U
{(a(k,g, a(k_’l+1)> ‘ (kmod 2 = 0) AN (l mod 2 = 0)}
12. (P1222) = {(a(kJ), a(k+1_,l)) ‘ (k mod 2 = 1) A (l mod 2 = 1)}U
{(a(k,g, a(k¢l+1)> | (kmod2=0)A(Imod2=1)}
13. (P2212) = {(a(kJ), a(k+1_,l)) ‘ (k mod 2 = 1) AN (l mod 2 = 0)}U
{(a(k,g, a(k71+1)> | (kmod2=1)A(Imod2=1)}
14. (P2211) = {(a(kJ), a(k+1_’l)> ‘ (k mod 2 = 1) AN (l mod 2 = 0)}U
{<a(k,l_27 a(k,i41)) | (kmod 2 =0)A (I mod2=0)}
15. (P1221) = {(a(k’l), a(k+1?l)> ‘ (k mod 2 = 1) AN (l mod 2 = 1)}U
{(a(k’g, a(kﬁl+1)> ‘ (k? mod 2 = 1) AN (l mod 2 = 0)}
16. (P2112) = {(a(k’l), a(k+1?l)> ‘ (k mod 2 = 0) AN (l mod 2 = 1)}U
{(a(k’g, a(k}l+1)> ‘ (k? mod 2 = 1) AN (l mod 2 = 1)}
17. (P12) {(a(k 1) a(k+1?l)> ‘ (k mod 2 = 0) AN (l mod 2 = O)}U
{ Q(k, l% > Ak, l+1)> ‘ (k? mod 2 = 0) AN (l mod 2 = 1)}
18. (eap)” = {{a@)s @(kt1,41)) | (Emod 2 =0) A (I mod2=0)}
19. (epa)* = {{awp: a(+1,041)) | (kmod 2 =1) A (I mod 2 = 1)}
20. (egc)* = {{a@k)> Akt1,41)) | (K mod 2 =1) A (I mod2=0)}
21. (epe)® = {(agkpys arr1i41)) | (kmod 2 =0) A (Imod 2 = 1)}
22. D;¥ = {agy | t(k,1) = D;} for each D; € D
23. AT ={a | (kmod2=0) A (Imod2=0)}

24. D ={ag,) | (kmod2=1) A (Imod2=1)}
25. BY ={a@,) | (kmod2=1) A (I mod 2 =0)}
26. CT ={awp, | (kmod2=0)A(Imod2=1)}
=xFuxfuxuxt
=vfuvituvtuyg?

27. Xt
28. YT

We now check that Z satisfies all axioms in Definition 6.

1. X! C PY,YJ C P foralli,j,rs € {1,2},r # s.

For each k,l > 0, we consider the following cases:
- Assume (k mod 2 = 0) A (I mod 2 = 0). From the assertions 2, 6, we have

7

(agrys k1)) € X175 and (@), agris1)) € Y7
z z

11 we have (a1, a(r+1,1)) € Pj}™ and (@), Ok,i41)) € Pyl

T .
. From the assertions 10,

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

— Assume (k mod 2 =1)

(I mod 2 = 0). Similarly.
I mod 2 = 1). Similarly.



2.
3.

Nown ks

10.
11.
12.

13.

XIC X,Y!CY foralli,r € {1,2}. From assertions 27 and 28.
eap C (Piy)*,eap T (Pap)™.
For each k,1 > 0, we consider the following cases:
— Assume (k mod 2 = 0) A (I mod 2 = 0). From the assertion 18, we have

(A(k,1)s Q(k1,141)) € € ap L. From the assertions 2 and 8 it follows that (Qk,1ys Okg1,0)) €

X%I, (Q(kt1,0)> A(kt1,041)) € Y;I (note that (k+1 mod 2 = 1)). By the asser-
tion 10 we have (a(x, 1y, a(rt1,1)) € P11211 and (@ (p41,1), Q(k41,141)) € P11211.
This implies that (a1, ages1,41)) € (Pi3) 7.

On the other hand, from the assertions 6 and 4 we have <a(k,1), a(;gyl+1)> S
Y, (ageisny araisn) € X3T (note that (I + 1 mod 2 = 1)). By the
assertion 11 we have (a k1), a(k,i+1)) € PHE, (Q(k1+1) Gkt1,041)) € jons
This implies that (@ 1), G(k11,141)) € (P2111)+I.

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

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

— Assume (kK mod 2 = 1) A (I mod 2 = 1). Similarly.

epa C (P23)T,epa C (P#)T. Similarly.

epc C (P T, epe C (PE)T. Similarly.

ecp C (Pyd)T,ecp C (PL2)T. Similarly.

TE <1PY foralli,j,r,s € {1,2},r #s.

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

— Assume (k mod 2 = 0) A (I mod 2 = 0). From the assertions 10, 11, 14, 17 we
have <a(k,l),a(k+17l)> S P11211, <a(k,l),a(k7l+1)> S P21111, <a(k,1),a(;€7l+1)> S
P22112 and <a(k’l), a(kJrLl)) S P11221.

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

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

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

TC <1X,TC <1Y.
For each k,1 > 0, we consider the following cases:

— Assume (k mod 2 = 0) A (I mod 2 = 0). From the assertions 2, 6 we have
(ak1) akt1,0)) € X}I, (ak1) Ak i+1)) € YIII. From the assertion 28, we
have (a(k’l), a(k+1’l)> e X+, (a(k’l)7a(kyl+1)> cY?T

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

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

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

T C < leap. Itis obvious from the assertion 18 for each k,1 > 0.

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

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

T C < lecp. Itis obvious from the assertion 21 for each k,1 > 0.

TELC |_| (D; 1 ( |_| —D,)). Since t is a tiling, each (k,[) has a unique

1<i<l 1<j<l,j#i

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



14. D; C VX. |_| D; MVY. |_| D, for each D; € D.
(Di,D;)eH (D;,Dy)eV

From the assertion 22, if a1y € D;% then t(k,l) = D,. Since t is a tiling, accord-
ing to Definition 5 we have (D;, D;) € H and (D;, Dy) € V with t(k+1,1) = D;
and t(k,! + 1) = Dy. From the assertions 28 and 2-9 we have (a1, G(k41,1)) €
X7 and (Ak,1)s Okyi41)) € YZ. From the assertion 22, we have a(pt1,0) € DjI
and A(k,1+1) € DkI.

15. AC-BN-CN-DN3X{.BN3YL.CNIeap. DNVPE. L NVPE. L.
For each k,1 > 0, we consider the following cases:

— Assume (k mod 2 = 0) A (I mod 2 = 0). From the assertions 23 we have
age,y € AT. From the assertions 24, 25, 26, we have ag) ¢ BI7a(k7l) ¢
C%,ag,1) ¢ D Moreover, from the assertions 2, 6 we have (a(x 1), G(x+1,1)) €
XllI, (A1), A(ki+1)) € Yllz. By the assertions 18 and 24 we have (a1, G(k+1,14+1)) €
eap” and a(gy1,41) € DT
Additionally, according to the assertions 12, 13, (a(x,1), @(k41,1))» (@(k,1)> C(k,141)) &

)¢ P

T
Py~ and (ag 1y, aer1,0))s Q1) Gk i1)
= 0). From the assertion 23, it follows

— Assume (k mod 2 = 1) A (I mod 2
age ¢ AL
— Assume (k mod 2 = 0) A (I mod 2 = 1). Similarly.
— Assume (k mod 2 = 1) A (I mod 2 = 1). Similarly.
16. BC —=AN—-CN-DN3X3.AN3Y3}.DN3epe.CNVPE. LNVPLE. L. Similarly.
17. C C -AN-BN-DN3X3.DN3YF.ANFecp.BNVPL. LNVPEH . L. Similarly.
18. DC —AM-BN-CMN3X2.CN3IY2.BMNIpa. ANVPL. L NVPHL. L. Similarly.

e ”Only-If-direction”. On the other hand, assume that the concept A is satisfiable w.r.t.
the axioms in Definition 6 , and let Z = (AZ, ) be an interpretation such that AZ # ().
Assume that a(g o) € AZT. This interpretation can be used to find a compatible tiling for
D.

First, we show the following claim:

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

- If (k mod 2 = 0) A (I mod 2 = 0) then a(;;) € A%. Additionally, there are
A(k+1,0) € BI, A(k,1+1) € CI, A(k+1,141) € D7 such that (a(k’l), a(k+1,l)> S Xllz,
(@t 1) At 1040) € Yo' (g, airn) € YT and (ageii1ys agesnipn) €
X1t

- If (k mod 2 = 1) A (I mod 2 = 1) then a(;;) € D*. Additionally, there are
A(k+1,0) € CI7a(k71+1) € BZ, A(k+1,1+1) € AT such that <a(k,l), a(k+17l)> S X%I,
(A(ht1,0)5 Qkg1,141)) € vz, (a1, Ak,i41)) € V2" and (@, 141y Akt1,041)) €
x2*

- If (k mod 2 = 1) A (I mod 2 = 0) then a(;) € B%. Additionally, there are
A(k+1,0) € AI7 A(k,1+1) € DI, A(k+1,1+1) € C7 such that <a<k’l), a(k+1,l)> S X%I,
<a(kz+1,l),a(k+1,z+1)> e V', (awmy» aki11)) € V¥ and (A(k,141) A(k+1,141)) €
X2



- If (k mod 2 = 0) A (I mod 2 = 1) then a,;) € C*. Additionally, there are
z
A(k+1,0) € DI, A(k,i+1) € AZ, A(k+1,1+1) € BT such that (a(k’l), a(k+1,l)> S X21 s

A a
<a(l%+1,l)»a(k+1,l+1)> € Y2 (ay, aka+1)) € Y5 and (A i41), Gkt1,041)) €
X7,

Proof (Proof of the claim 5).

— Assume k = 0,1 = 0. We have a(g,q) € AT By the axiom 10 in Definition 6 there
I
are a(1,0) € BI,CL(OJ) € C7 such that <a(0,0),a(1’0)> S Xll , <CL(0’0),CL(0,1)> S
YfI. Moreover, by the axioms 11, 12 in Definition 6 there are a(1,1), af, ;) € D*
such that (a1 0y, a(1,1)) € Yglz, <a(0,1),a’(171)> € XglI. We show that a’(u) =
a(l,l).
By the axiom 10 in Definition 6, let a € DT such that {(a( o), a) € €% . From
the axiom 1 in Definition 6 we have (a (g0, a(1,0)); (a(1,0)@(1,1)) € P11211. If
ac,n # a then, by the axioms 3, 5 in Definition 6 there is an instance a’ such that
(aga,y, a'y € Pll211, which contradicts the axiom 13 in Definition 6 since a;,1y €
DT and (a(1,1),a) € Pi* . Thus, a(1,1y = a. Analogously, from the axiom 1 in
Definition 6 we have (a(0,0), a(0,1)), ((0,1): a(; 1)) € P21111. If af, ;) # a then, by
the axioms 3, 5 in Definition 6 there is an instance a” such that (a(, ,),a") € jog
which contradicts the axiom 13 in Definition 6 since a(, ;) € DT and (afy 1),a") €
P21111. Therefore, a’L1 = a, and thus a(; 1) = a/(1,1)'
— Assume that £ > 0 or [ > 0. We consider the following cases:
e Assume ag,;) € AT with (k mod 2 = 0) A (I mod 2 = 0). By the ax-
iom 10 in Definition 6 there are a(i1,) € B, a(+1) € CT such that
(ak,1), akt1,n)) € Xllz, (ak,1)s Aki+1)) € YfI.Moreover, by the axioms 11,
12 in Definition 6 there are a(j,41,1+1), a/(k+1,l+1) € D7 such that (A(kt1,0)> ARt1,141)) €

1Z 1Z _
Y5, (a(k_’lﬂ),a’(kﬂ’lﬂﬁ € X5 . We show that a/(k+1,l+1) = G(kt1,04+1)-

By the axiom 10 in Definition 6, let a € D such that (a(x ), a) € €% . From
the axiom 1 in Definition 6 we have (a(x,i), A(k+1,1)), (@ (kt1.0)5 Q(k+1,141)) €
szlz. If a(j41,041) # a then, by the axioms 3, 5 in Definition 6 there is

. z . .
an instance a’ such that (a(;41,41),0') € P}}”, which contradicts the ax-

iom 13 in Definition 6 since a(41,41) € D* and (a(ki1,41), @) € P11211.

Thus, a(x41,+1) = a. Analogously, from the axiom 1 in Definition 6 we have

117
<a(k,z), a(k,l+1)>7 <a(k7z+1)7 a'(k+1,l+1)> € Py If a’(k+1,l+1) # a then, by the
axioms 3, 5 in Definition 6 there is an instance a’ such that (a’(k_H 1+1) a’) e

P3{”, which contradicts the axiom 13 in Definition 6 since a{; ,, ,,,) € D*

T
a") € Ps~ . Therefore, a/ = a,and thus a1, 141) =

and (a’( (k+1,1+1)

k41,141)

a/(k+1,l+1)‘
Obviously, if (k mod 2 = 0) and (I mod 2 = 0) then ((k+ 1) mod 2 = 1) and

(I+1)mod2=1)



e Assume a(;,;) € DT with (k mod 2 = 1) A (I mod 2 = 1). Similarly.
e Assume a(;,;) € B with (k mod 2 = 1) A (I mod 2 = 0). Similarly.
e Assume a(x ;) € C* with (k mod 2 = 0) A (I mod 2 = 1). Similarly. O

We now define a mapping ¢t : N x N — D as follows. By the axiom 8 in Definition
6, there is D; € D such that a(g,0y € D;*.

1. t(0,0) := D; with a(g gy € D,;%. From the axioms 9, 2, 6 in Definition 6 and Claim

5, there are D{"”, D*®) € D such that (D;, D,) € H, (D;, D) € V, and

(a X7Z with peo* YT with
(0’0),a(1’0)> S wit ae1,0) € Da s <a(0’0),a(0,1)> S wit ag,1) €

DéO’O)I. Therefore, we define #(1,0) := Dg;o’o),t((),l) = DZ(,O’O). Since X, Y
are functional and D), are disjoint for all D;, € D hence such Dg(g(m), D;O’O) are
uniquely determined from D,.

Moreover, from the axiom 9, 2, 6 in Definition 6, there are Dl(,l’o), D;O’l) €D
such that (D;O’O),Dg(jl’o)) € H, (DZ(,O’O),DJ(DO’I)) € V, and (a(1,0),a(1,1)) € Y7

~ (1,0F / T ith o (onF ~

with a¢; 1) € Dy , <a(071),a(171)> € X+ with a) € D, . By the axioms
11, 12, 2, 6 in Definition 6 we have (a(1 0y, a(1,1)) € Yglz, {ap,1),a(1,1)) € X%I.

From Claim 5 we have a(,1) = a’(m). This implies that ngm) = Déo’l) since

D?(,l’o), D:(,go’l) are disjoint by the axiom 8 in Definition 6. Therefore we can define
t(1,1) := DY = p{™Y.

2. Assume that t(i,j) := D; with a(i,j) € Dy*. From the axiom 9, 2, 6 in Def-
inition 6 and Claim 5, there are DY), D{"") € D such that (DY), D))
. . N
H, (D:(cl’J),D?(j’J)) € V, and <a,(i,j),a(i+17j)> € X7T with A(i+1,5) S D;ZJ) ,
N L
(a0 41) € YT withag g1y € D Therefore, 1(i+1, j) := D, #(i, j+
1) := Déw ). Since X, Y are functional and D}, are disjoint for all Dj, € D hence
such D9, Dl(f’j ) are uniquely determined from D;.

Moreover, from the axiom 9, 2, 6 in Definition 6, there are Dg(fH’] ), Dg(f’] +1) €D
such that (Dg(f’]), D§l+1’])) €H, (Dg(,w), Dg(f’]H)) € V,and (a(i41,5)s A(i+1,j+1)) €
T (i+1.5)7
Y+ with a(i+1,j+1) € Dy B <

. T

D,SZ’J D7 We now distinguish the following cases:

(a) Assume that a; ;) € AZ. From Claim 5 and the axiom 8 in Definition 6 we
can show DY) = DD Therefore we can define t(i + 1,5 + 1) :=
DT — plia+D),

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

(c) Assume that a; ;) € C7Z. Similarly.

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

/ A : /
(ij+1)s Wi jpny) € X7 Withaf; 504y €

It remains to be shown that (1) ¢ is well defined, (2) the horizontal and vertical
matching conditions are satisfied.

(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 a( ;) € D;~. Again, by the construction of ¢, there are D;, D;, € D such that
t(k+1,1) = Dj, t(k,l + 1) = Dj and ag11) € D;*, a1y € Di”. By the
axioms 2 and 9, we have (D;, D;) € H and (D;, D) € V.



