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1 INTRODUCTION

Description logics (DLs) [19] are a well-investigated family of logic-based knowledge representation
languages, which provide the formal basis for the Web Ontology Language OWL.! As a consequence,
DL-based ontologies are employed in many application areas, and they are particularly successful
in the medical domain (see, e.g., the medical ontologies Galen and SNOMED CT?). For example,
the concept of a patient with a concussion can formally be expressed in DLs with the concept
(expression) Patient M 3finding.Concussion, which is built from the concept names (i.e., unary
predicates) Patient and Concussion and the role name (i.e., binary predicate) finding using the
concept constructors conjunction (M) and existential restriction (3). Concepts and roles are used
within terminological and assertional axioms to state facts about the application domain, such
as that concussion is a disease (Concussion C Disease) and that patient Bob has a concussion
(Patient(BOB), Ifinding.Concussion(BOB)).

This example, given by Baader et al. [20], also illustrates a shortcoming of classical DLs. For a
doctor, it is important to know whether the concussed patient has lost consciousness, which is the
reason why SNOMED CT contains a concept for “concussion with no loss of consciousness” [44].
However, the temporal pattern inherent in this concept (after the concussion, the patient remained
conscious until the examination) cannot be modelled in classical DLs such as in the one used in
SNOMED CT.

This problem of classical DLs has been generally recognised, and a great variety of temporal
extensions of DLs have been investigated in the literature.® In this paper, we focus on the DL
ALC [43] and metric variants of the temporal logic LTL [41], a point-based temporal logic whose
semantics is based on a linear flow of time represented by the set of integers Z. But, even with
these two logics being fixed, there are still several other design decisions to be made. For instance,
the temporal operators can be applied to axioms [20] and/or inside axioms, i.e., to concepts [30, 48]
and to roles [39]. The former, for example, allows us to state that Bob has not lost consciousness
since (S) he had a concussion:

(3finding.Conscious(BOB)) S (Ifinding.Concussion(BOB)).

The latter allows us to formalise “concussion with no loss of consciousness” independently of a
specific individual as a (temporal) concept

(3finding.Conscious) S (Ifinding.Concussion).

Another decision to be made is whether rigid concepts and roles are considered. In contrast to
flexible concept and role names, whose interpretation can be different at different time points, the
interpretation of rigid names does not change over time. Obviously, it makes sense to consider
concepts like Human and roles like hasFather as rigid, but Conscious and finding as flexible
(i.e., not rigid). If the logic allows temporal operators within concepts, then rigid concepts can be
expressed using terminological axioms, but rigid roles cannot. In fact, the latter usually render the
combined logic undecidable [39]. In contrast, in the setting considered by Baader et al. [20], rigid
roles do not cause undecidability, but adding rigidity leads to an increase in complexity.

In this paper, we address a shortcoming of the purely qualitative temporal DLs mentioned
above. The qualitative S-operator in our example does not say anything about how long after the
concussion the examination happened. However, the above definition of “concussion with no loss
of consciousness” is only sensible in case the examination took place shortly after the concussion.
Otherwise, an intermediate loss of consciousness could also have been due to other causes. Another

https://www.w3.org/TR/owl2-overview/
Zsee http://www.opengalen.org/ and http://www.snomed.org/
3We refer the reader to [30, 39] for an overview of the field of temporal DLs.
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use case where quantitative temporal patterns must be modelled in the medical domain is the
formulation of eligibility criteria in clinical trials [15, 27]. For example, one may want to describe
patients who have a reaction caused by a treatment between 45 and 180 days ago, and who had no
additional treatment since then, which could be done with the following concept:

(3finding.Reaction) M ((—=3procedure.Treatment) Sis 1501(Iprocedure.Treatment)).

On the temporal logic side, extensions of LTL by such intervals have been investigated in detail [2, 3,
38]. They can actually be simulated in qualitative LTL using the temporal operator O (see Section 3.2).
However, if the interval boundaries are encoded in binary, this leads to an exponential blowup. The
complexity results by Alur and Henzinger [3] imply that this blowup cannot in general be avoided.
On the other hand, Lutz et al. [38] show that using intervals of a restricted form (where the lower
bound is 0) does not increase the complexity compared to the qualitative case. The combination of
the DL ALC with a metric extension of LTL was first investigated by Gutiérrez-Basulto et al. [32].
That paper considers both the case where temporal operators are applied only within concepts and
the case where they are applied both within concepts and outside of terminological axioms. Our
research extends and thus complements these results by considering also assertional knowledge,
past operators with the timeline of integers Z, and, most importantly, interval-rigid names.

By allowing also for assertional axioms, our language can describe the temporal behaviour of
specific individuals, as in the example above. We show that temporal operators on assertional
axioms come at no additional cost. In most cases, assertions can be encoded using temporal concepts
or temporal terminological axioms.

Since domain knowledge often refers to both past and future, we include corresponding temporal
operators and accordingly define the semantics over the integers Z rather than over the natural
numbers N. It is known that, over N, past operators offer no additional expressivity, but can express
temporal properties exponentially more succinctly [37]. As some of our lower bounds also apply to
N, our results are therefore also interesting for this semantics. Defining the semantics over Z is
further motivated by our novel concept of interval-rigid names discussed next, which allows us to
refer to the past even without using past operators.

Interval-rigid names are a recently introduced means of expressiveness [16]. They can be seen as
a metric variant of rigid names and thus fit into our setting of metric temporal DLs. In a nutshell,
they can be used to express that individuals belonging to a concept need to belong to that concept
for at least k consecutive time points, and similarly for roles. For example, one can encode the usual
duration of diseases, e.g., that an influenza infection (usually) lasts at least one week, by making
the role influenzaFinding rigid for 7 days.

The outline of this paper is as follows. In Section 2, we recall the constructors of ALC and LTL
with metric temporal operators, and the combined logic LTLT& ¢ In Section 3, we show that previous
results [32, 39, 48] also hold in our slightly different setting: we additionally consider assertional
axioms and employ a temporal semantics over the timeline Z instead of N. In Section 4, we further
extend the logic LTL';{“LC with interval-rigid names. We show that the worst-case complexity of
2-ExPSPACE does not increase, and can be reduced to 2-ExpTIME under an additional assumption
(see Table 2). In Section 5, we consider the effect of adding both interval-rigid concepts and roles as
well as metric temporal operators to the logic ALC-LTL [20], where temporal operators can only
be applied to axioms. Interestingly, in the presence of rigid roles, interval-rigid concepts actually
cause undecidability. Without rigid roles, the addition of interval-rigid concepts and roles leaves
the logic decidable, but matches the 2-ExpSpAcE bound mentioned above, surprisingly even when
metric temporal operators are disallowed. Finally, in Section 6, we investigate the complexity of
this logic without interval-rigid names. Essentially, this extends the analysis of Baader et al. [20] to
quantitative temporal operators.
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This paper is based on the conference paper [16]. Our main contributions are as follows.

e We provide a detailed complexity analysis of LTL';{”ﬁ ¢ and various fragments with and without
(interval-)rigid names (see Tables 1 and 2 for an overview). This comes mainly from [16], but
we adapt these results here for a temporal semantics based on Z instead of N.

e We include a new 2-ExpSpAcE-hardness result (Theorem 5.4).

e We develop two reductions for encoding assertions as terminological axioms, thereby simpli-
fying many constructions (Theorems 3.1 and 3.2).

e We describe small extensions of existing complexity results for LTL';{”EC and some fragments,
to deal with integers and assertions (Theorem 3.7).

To provide a better reading experience, the more technical details of our proofs are given in the
appendix.

2 THE TEMPORAL DESCRIPTION LOGIC LTLﬁ"ﬂc

We first introduce the DL .ALC and its metric temporal extension LTLE‘”LC [32], which augments
ALC by allowing metric temporal logic operators [2] both within ALC axioms and to combine
these axioms. We actually consider a slight extension of LTLE’Z&C (as it was proposed originally) by
assertional axioms, and consider a timeline based on Z instead of N. In Section 3, we show that this

does not change the complexity of reasoning compared to existing results [32].

Syntax. Let N¢, Ng, and N; be countably infinite sets of concept names, role names, and individual
names, respectively. An ALC concept is an expression defined by

C,D:=A|T|-C|CnD|3rC,

where A € Nc and r € Ng.

LTLLDE:C concepts extend ALC concepts with the temporal concept constructors OC, O~C, CUD,
and C S§;D,where [ is an interval of the form [c;, ;] or [c1, 00) with ¢1,¢; € N, ¢; < ¢;, given in
binary. We may use [c1, ¢) to abbreviate [c1, c; — 1], and similarly for the left endpoint.

An LTintnLC axiom is either a general concept inclusion (GCI) of the form C E D or an assertion of
the form C(a) or r(a, b), where C, D are LTL%”EC concepts, r € Ng, and a, b € Ny. LTL];{”LC formulae
are expressions of the form

oy i=alTl=ploAy |Op| O ¢l oty | oSy,

where « is an LTLY", | axiom.

ALC

Semantics. Description logics semantics is as in first-order logic, meaning that the symbols in
Nc, NR, and Ny, are interpreted as unary and binary predicates, and constants, respectively. A DL
interpretation T = (A%, -T) over a non-empty set AZ, called the domain, defines an interpretation
function -T that maps each concept name A € N¢ to a subset AZ of AZ, each role name r € Ng to a
binary relation rT on AT and each individual name a € N, to an element aZ of AZ. As usual, we
extend the mapping -Z from concept names to ALC concepts as follows.

Th=At (=OF =AT\C*  (CcnDY =C'nD*
(3r.C)F := {d € AT | thereise € CT such that (d, e) € r'}

The temporal semantics we consider here is based on the timeline Z. A (temporal DL) interpretation
is a structure 3 = (A%, (Z;)icz), where each Z; = (A¥, -1, i € Z, is a DL interpretation over A
(constant domain assumption) and ati = a% for alla € N, and i,j € Z, i.e., the interpretation of
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individual names is fixed. The mappings - are extended to LTLZ{%C concepts as follows.
(OC)* = CT
(O™C)% = ctin
(CUD)" := {d € A™ | there exists k with k —i € I, d € D’*, andd € C¥ forall j € [i, k)}
(CS;D)%i = {d € A¥ | there exists k withi —k € I, d € D™, andd € C% for all j € (k, i]}

That is, the concept C U D consists of all elements that satisfy D at some point k in the interval I
relative to the current time point i, and satisfy C at all time points between i and k (including i
itself). For example, 3r. OAM AU, 5B is an LTLEX}:C concept that describes those domain elements
that have an r-successor that will satisfy the concept name A at the next time point, and themselves
satisfy A until, after at least 2 and at most 4 time points in the future, they will satisfy B.

Validity of an LTLZilnCC formula ¢ in J at i € Z (written 3, i |= ¢) is inductively defined as follows.

J,iEceD iff ¢t c Dk,
3,il=Cla) iff a%i e CLi.
3,il=r(ab) iff (a%i,bTi) e rli.
S,i =g iff 3,1 |F .
SiFeAy iff JikFeandS,il=y.
3,i = Op ifft 3,i+1=o0.
J,iFO0 ¢ iff 3J,i-1|=¢.
S,il=eUry iff thereiskwithk—-iel, 3,k =y andS,j|= ¢ forallj € [i, k).
S,ilFeSy iff thereiskwithi—kel, 3,k |=¢, and 3, j |= ¢ for all j € (k, i].

As usual, we define the abbreviations L := =T,CUD := =(-CMn-=D),C —» D = -CUD,
Ceo D:=(C—-DnD—C),C=D:=(CEDADEC),Vr.C:==(Ir.=C),pVy = =(=pA-1),
oo Y ==V ooy =@ AY > @), 01 = TUa, and Ora = =Or—a, and the
past operators ()I_a =TS, O7a = —|<>I_—|0(, O"a = TSa, and O a = =)~ —a, where C,D
are concepts, ¢, ¥ formulae and «, f§ are either concepts or formulae [19, 30]. Furthermore, we
may omit the interval I if it is of the form [0, 00), e.g. write a U8 instead of a Ujg,.)B. Given the
semantics of LTLE‘{”M, Ou is equivalent to Q1) and Oy q)a, and O~ « is equivalent to O[l,lja and
Ojy.1@- However, we cannot use this to simulate Oa and O~ « in all the logics that we investigate.

Given a formula ¢, we denote by N¢c(¢) the set of all concept names occurring in ¢, and similarly
for Ng(¢) and N;(¢). We denote by sub(¢) the set of all subconcepts occurring in ¢, and by subf(¢)
its subformulae. Finally, cl(¢) is the closure of

sub®(¢) U {CUD | CUj¢,00)D € sub(9)} U {CSD | CSjc,00)D € sub(p)}
under single negation, and likewise for clf(¢) and sub(¢).

Sequences. We use the following notation for sequences. We define a sequence of objects indexed
by integers as a function o: X — Y, where X is a (possibly infinite) interval in Z, and Y is a set of
objects (e.g., DL interpretations). We use the abbreviation o=’ for the subsequence of o defined on
X N (=00, i], and similarly for ¢, 6<!, etc. Assuming that [i, j] C X, we write o*/] for the finite
subsequence o(i) o(i + 1) ... o(j). The concatenation of two finite sequences o7y, 03 is denoted by
010,. Furthermore, we define ¢! = o, 6"*! = (¢")0, and 6 = 00 ..., and correspondingly for
the other direction “o = ...00.

Reasoning. We are interested in the complexity of the satisfiability problem in LTL‘;{”EC, ie., of

deciding whether there exists an interpretation 3 such that 3,0 |= ¢ holds for a given LTLE’L{“LC

ACM Trans. Comput. Logic, Vol. 21, No. 4, Article 30. Publication date: August 2020.



30:6 F. Baader, S. Borgwardt, P. Koopmann, A. Ozaki, V. Thost

Table 1. Overview over the features of the temporal description logics we investigate.

Temporal Temporal Temporal Metric

concepts  assertions GCIs operators
LTLY". . v v v v
LTL arc v v v -
bin
LTL  reigoct v v - v
LTL acc|gcer v v - -
ALC-LTLP" - v v v
ALC-LTL - N4 V4 _
bin
AﬁC—LTngGCI v - v
ALC-LTL y6cr - v - _

formula ¢. There are applications in which only the state of individuals changes over time, while
the meaning of concepts remains the same throughout the timeline. In these applications, it is
sufficient to use temporal operators only at the level of assertions and concepts, but not at the level
of GClIs, which can lead to a decrease in complexity.

To account for this, we also consider a syntactic restriction from [20]: we say that ¢ is an LTLE’L{“LC
formula with global GClIs if it is of the form OO~7T A ¢, where 7T is a conjunction of GCIs and ¢ is
an LTLE"{”ﬁC formula without GCIs. Note that ¢ may be formulated with arbitrary combinations of
assertions using Boolean and temporal operators. Following the notation in [20], we denote the
resulting logic by LTLE’Z‘"L clgGer

Fragments. Throughout the paper, we discuss several fragments of the logic LTLE’LE‘"EC. An overview
of all these fragments is given in Table 1. Here, by temporal concepts we mean that the logic allows
temporal operators on concepts, by temporal assertions that the logic supports temporal operators
on assertions, by temporal GCIs that the logic supports temporal operators on GClIs (rather than
global GCIs only), and by metric operators that intervals other than [0, o) may be used in the
temporal operators. For instance, ALC-LTL supports only the qualitative temporal operators O,

O7, U, and S on GCIs and assertions, but not on concepts. The logic designated as LTLﬂ“EClg Gel

allows temporal operators U and Sy on concepts and assertions, but not on GCIs, which means
that only global GClIs are supported. Table 2 summarises our new complexity results, as well as
known complexity results, for the fragments considered. The sets of rigid names and interval-rigid
names, as described in the introduction, are denoted by Ngjg and N, respectively, and will be
introduced in detail in Section 4. For example, Ng;; = 0 describes the case when there are no rigid
names, Npig € Nc means that only concept names can be rigid, and the case Ngjz & Nc U Ng
includes also rigid roles.

3 FIRST RESULTS

Before we introduce and discuss interval-rigid names, we lift several existing results to the setting
we consider in this paper. Specifically, our syntax includes assertional axioms in formulae and
the semantics is defined over the integers. In the literature on temporal DLs, assertions and the
semantics over Z have already been considered [8, 20, 48]. To the best of our knowledge, the latter
has not been investigated in the context of LTLE\nLC or its fragment LTL 4 cc.

In Section 3.1, we first show that reasoning about LTLT\”LC formulae can be polynomially reduced

to reasoning about LTLEX’UZ formulae as proposed originally, without assertions. This allows us to
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Table 2. Overview of all complexity results. In the second column, each logic is denoted by a dot, and inclusions

«

between logics are drawn as arrows. All complexity results except “in 2-ExpTIME” are tight. Below the results,

«_»
<

)
>

the lower bounds.

denotes the references for the upper bounds, and
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simplify the presentation in the rest of the paper by disregarding assertions. Second, in Section 3.2 we
consider the sublanguage LTL 4.¢ of LTLEL‘\"‘CC that allows only the qualitative /- and S-operators
0,00

(without intervals), as well as the intermediate language LTL, . ., where intervals are only of the

forms [0, c] or [¢, ), ¢ € N. While LTLTLC is exponentially more succinct than LTL 4 ¢ in general,

reasoning in LTL%Z’C can be polynomially reduced to reasoning in LTL 4.¢. Thus, all complexity

?Z‘OZC’ and we do not need to consider the latter in subsequent
sections. In Section 3.3, we extend known complexity results for LTL 4,¢ and LTLE‘{”EC over the

natural numbers N to the integer timeline we consider here.

results for LTL 4.¢ also apply to LTL

3.1 Encoding Assertions into GCls

It turns out that for some of the settings considered in this paper, we can simulate assertions using
GClIs. However, we need to use temporal operators on concepts, and hence this result does not
apply to the logics we study in Sections 5 and 6.

Global GCIs. We first consider the case of an LTLE’X}: clgGer

no GCIs and T is a conjunction of GCIs. The idea is to dispose of ¢ entirely, by encoding the
evolution of the named individuals as it is enforced by ¢ into the evolution of a single individual:

formula ¢ AOO™T, where ¢ contains

e we represent relevant formulae i over assertions using fresh concept names Ay,
e we simulate their semantics using additional GClIs, and
¢ we enforce the existence of an element that satisfies A,.

For every role assertion r(a, b) € subf((p), we introduce a fresh concept name A, (4 p); for every
C € sub“(¢ AT)and a € Ni(p), a fresh concept name Ac(,); and, for every r € Nr(p) and a € Ni(p),
a fresh role r,. The roles r, are used to relate anonymous r-successors originally required for a to
our representative individual. The semantics of the concept assertions C(a) with C € sub“(¢p A T)
and a € N(¢) is then encoded using the following definitions for the concept names Ac(q).
@) At =T
(b) A-c)(a) = ~Ac(a)
(©) Acrp)(a) = Ac(a) M AD(a)
(d) A@ar.c)@) = 3ra-CU Lpen(p)(Ara.p) M Acr))
(€) Aocya) = OAc(a)
) Ao-c)a) = O Aca)
(8) Acuspya) = Acia) UIAD(a)
(h) Acs;D)(a) = Ac(a) SIAD(a)
Additionally, we add the GCI Ac(q) C Ap(q) for every C E D € T and a € Ni(¢). To simulate
the rest of ¢, we similarly use fresh concept names Ay for all ¢ € subf(p), with the following
definitions.
e Ar =T
e Ay = —|Al/,
® Ayiny, = Ay, MAy,
* Aoy = OAy
° Aof,’p = OfA‘/,
* Ay upy, = Ay UrAy,
* Ay, 51y, = Ay, S1Ay,
Denote by 7" the conjunction of 7 with all the above GCIs. Then we can show that ¢ A OO~ 7T
is satisfiable iff OO~ (7" A (T C 3dry.A,)) is satisfiable, where ry is a fresh role name.
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THEOREM 3.1. Satisfiability OfLTLI;i&ngCI formulae can be polynomially reduced to satisfiability

bin : :
OfLTLA/:C|gGCI formulae without assertions.

Note that OO (7" A (T E 3rp.Ay)) isan LTLz“ﬁc—formula with only global GCIs and without
assertions. However, since the semantics of both (temporal) subformulae and assertions are encoded
with the help of (temporal) concepts in GClIs, this construction may introduce temporal concept
operators, even if they are not present in the original formula.

Local GCIs. We next investigate the more general setting and consider ¢ to be an arbitrary
LTLE’Z&C formula. In contrast to the above, we now encode the temporal assertions into every
individual by means of the concept names A, as before. As the GCIs to be satisfied are now
changing over time, we cannot use a direct encoding of each GCI C C D into Ac(s) C Ap(q) to
ensure that the local GCls are also satisfied by the named individuals. Instead, we use the formula

I]IZI_((C CD)— /\ (Ac@) C AD(a)))
aeN(¢)

for every C C D occurring in ¢ to ensure this, i.e., whenever a GCI is satisfied, it also needs to be
satisfied for all (implicitly encoded) individual names. To ensure that all domain elements always
agree on the interpretation of the concept names A,, we use the formulae

OO0 (T = Ag) V (L = Ap))

for all assertions a we consider. We denote the conjunction of all the above formulae by ¢ 4 and
again define a set 7 of global GCIs that contains the axioms defined by Items (a)—(h) above. Finally,
the formula ¢’ is obtained from ¢ by replacing every assertion « in ¢ by T = A,. Then ¢ is
satisfiable iff ¢’ A p4 A OO T is satisfiable.

THEOREM 3.2. Satisfiability ofLTLE’f"}:C formulae can be polynomially reduced to satisfiability of
LTLI;“’};C formulae without assertions.

3.2 Relation of LTLE™ . and LTL%T , to LTL.acc

We now discuss the relations between LTLI,)cianc and two of its fragments, LTL 4-¢ and LTL

0,00
; Acc
Recall that the notation -’ refers to the fact that the endpoints of the intervals are given in binary.

This does not increase the expressivity in comparison to LTL 42¢ [39], where only the qualitative /-
and S-operators are allowed. In fact, one can expand any formula ¢ U, ¢, to

V (0vn A\ o)

c1<i<cy 0<j<i

where O! denotes i nested O-operators. Likewise, ¢ U[c, «)} is equivalent to

A Ql(ﬂ) A O eUY).
0<i<e

Corresponding equivalences hold for concepts and formulae containing the operator S;. However,
if this transformation is recursively applied to all subexpressions, then the size of the resulting
formula is exponential: ignoring the nested O and O~ operators, its syntax tree has polynomial
depth and an exponential branching factor; and the O’- and (O~)’ formulae have exponential depth,
but introduce no branching. This blowup cannot be avoided, because satisfiability in LTL 4~¢ is
ExpSpACE-complete, while for LTLE’X’LC it is 2-ExpSpACE-complete [32]. This gap exists even for
propositional temporal logics, where the complexity jumps from PSpAcE to ExpSPACE when going
from LTL to LTLP™ [3].
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ProrosITION 3.3. Every LTLE‘"LC formula can be translated in exponential time into an equivalent
LTL 4cc formula.

Observe that, if this transformation is applied only to formulae (not to concepts), then the axioms
and concepts occurring in the formula remain the same, but they may occur more often afterwards.
Similarly, if the transformation is applied only to concepts, then the number of subformulae remains
the same, but the axioms and concepts occurring in them may be larger. Nevertheless, it is to be
expected that reasoning in LTLEci\nLC gets harder than in LTL 4¢¢ by an exponential factor. As
mentioned above, this is not the case for LTLOA"ZC , where all intervals must be of the form [0, c] or
[c, ), as we show next.

Previously, it has been shown for a branching temporal logic that U4 ] can be simulated by the
classical U-operator, while the size of the formula is only increased by a polynomial factor [38].
The basic idea is to use, for each formula ¢ U] o], a counter that determines the temporal distance
to the nearest occurrence of  that makes o U true (i.e., ¢ is satisfied at that time point, and ¢ is
satisfied at all time points in between). The formula ¢ 1o |} is then satisfied iff the counter value
does not exceed c. Note that for each time point satisfying ¢ {1/, there is always a unique nearest
time point satisfying i/, which uniquely determines the counter value. To satisfy ¢ U o), only
counter values below c are relevant, which is why it is sufficient to encode the counter using n
concept names, where n is the number of bits in the binary representation of c.

To extend this result to formulae of the form ¢ U )¢/, we use a similar counter, which however
determines the distance to the furthest occurrence of i that makes @ /i true. Then, ¢ U )} is
satisfied iff the counter value is at least c. Again, only counter values below ¢ are relevant to detect
the satisfaction of ¢ U[c )y if the counter value is higher, the particular value is not relevant to
determine whether ¢ U[c )V is satisfied, we only need to remember that we reached this counter
value and that ¢ remained satisfied. Consequently, we can represent the counter again using only
polynomially many bits. These ideas can be straightforwardly extended to past operators and
temporal concepts. The proof can be found in the appendix.

THEOREM 3.4. Every LTL?;‘OZC formula can be translated in polynomial time into an equisatisfiable
LTL 4c¢ formula.

Similar to Proposition 3.3, this reduction preserves certain properties of the original formula:
if the LTL?ZXDZC formula contains only global GCIs or contains no temporal concepts, then so does
the resulting LTL 4.¢ formula. In fact, the reduction applies to all sublogics of LTLE‘”ﬁC that we
consider in this paper. Hence, in the remainder of this paper we do not explicitly consider logics
with the superscript -, because they have the same complexity as the corresponding temporal
DLs that use only U and S.

3.3 Satisfiability in LTL%". , and LTL acc
The complexity of concept satisfiability in LTLI;{”LC with respect to global TBoxes (corresponding

to LTLE’Z&C‘Q e formulae without assertions) and of satisfiability of LTLE‘”Lc temporal TBoxes

(i.e., LTLE’L{”LC formulae without assertions) has been investigated previously for semantics defined
over N [32, 39, 48]. We reformulate these results in our setting, that is, for a semantics over Z and
for a syntax including past operators. By Theorems 3.1 and 3.2, these results apply also to formulae
with assertions.

Our constructions are not substantially different to those in [32], and provide mainly an adaptation
for temporal past operations and to the semantics over Z. We repeat them here in full mainly in
preparation of our main results in Section 4. Specifically, we introduce well-known proof ideas that
are based on the notion of quasimodels [32, 39, 48]. Quasimodels are abstractions of interpretations
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in which each time point is represented by a set of types, called a quasistate. Each type describes
the interpretation for a single domain element at some time point, while a quasistate collects the
information about all domain elements at some time point. It is central for the complexity results
that every satisfiable formula has a quasimodel of a certain restricted form that, in particular, can
be guessed and verified using only exponential space. We define quasimodels [32, 39, 48] for the Z
timeline, and then show that this approach also yields ExpSpack- and ExpTiME-decision procedures
in our setting.

Let ¢ be an LTLE’Z\“LC formula or an LTL 4 ¢ formula without assertions. A concept type for ¢ is
any subset ¢ of cl°(¢) such that

T1 -C e tiff C ¢ t, for all =C € cl(¢p), and
T2 CnDetiff C,D et,forall CM D € cl(p).

Intuitively, concept types are used to model the correct behaviour of the basic concept constructors -
and . Similarly, we define formula types t as subsets of clf(¢) satisfying the following conditions:

T -~a e tiffa ¢t, forall ~a € C]f((p), and
T2 anpfetiffa,fet forallaAp e clf(p).

A quasistate for ¢ is a set Q of concept and formula types such that

81 Q contains exactly one formula type, denoted by ¢,
S2 if t € Q and 3s.D € ¢, then there is t’ € Q with {D} U {=E | =3s.E € t} C t/, and
$3 forall CC D € clf(¢p), wehave CC D € to iff C € t implies D € t for all concept types t € Q.

A quasistate represents a single interpretation via the concept types of its domain elements, in
addition to a formula type that specifies the axioms satisfied by this interpretation. In this way, the
seven conditions above deal with the non-temporal part of the semantics of LTLE’Z&C.

To model the temporal dimension, in the following we consider sequences of types that are
infinite in both directions, representing the evolution of domain elements (via concept types) and
axioms (via formula types). We say that a (finite or infinite) sequence r of types realises an until
expression a Urf at position n if there is a k with k—n € I with § € r(k) and a € r(j) for all j € [n, k).
Similarly, a (finite or infinite) sequence r of types realises a since expression a S at position n if
there is a k with n — k € I with § € r(k) and « € r(j) for all j € (k, n]. We may omit ‘at position n’
ifn=0.

The evolution over the complete timeline is described by concept (formula) runs for ¢, which are
sequences ...r(—1)r(0)r(1)... of concept (formula) types that are infinite in both directions and
satisfy the following conditions for all n € Z, where cl* is cI® for concept runs and clf for formula
runs:

R1 for all Oa € cl*(¢), O € r(n) iff « € r(n + 1),

R2 forall O"a € cl*(p), O a er(n) iff @ € r(n — 1),

R3 for all aU;f € cl*(¢), aUsp € r(n) iff r realises a U;f at position n, and
R4 for all a S;f € cI*(¢), a S;p € r(n) iff r realises a S;ff at position n.

It now only remains to combine quasistates and runs into a coherent representation of a temporal
model. A quasimodel for ¢ is a pair (S, R), where S is a mapping from Z to the set of all quasistates
and R is a possibly infinite set of runs such that
M1 ¢ € t5(9),

M2 forallr e Randn € Z, r(n) € S(n), and
M3 forall n € Z and t € S(n), there is a run r € R such that r(n) = t.

Intuitively, M1 expresses that ¢ is satisfied at time point 0. By M2 and M3, types on a run are
in fact elements of a quasistate at the corresponding position and, conversely, every type in a
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quasistate occurs in some run (at the corresponding time point). By Condition S1, R contains
exactly one formula run.

We now establish a central result for showing the subsequent complexity upper bounds. In
short, to decide satisfiability it suffices to look for a quasimodel of a certain regular shape. The
main difference to previous results [32, 39, 48] is that we need this regularity to be present in both
directions of the timeline given by Z.

; LEMMA 3.5. An LTLE’)"}U,C formula ¢ is satisfiable iff it has a quasimodel (S,R) in which S is of the
orm

‘“(S(—kl) ...S(=ky - 1)) S(—=k3)...5(0)...S(ks) (S(k3 +1)... S(k4))w,
where ki, ka, k3 and k4 are bounded double exponentially in the size of .

Consider now an LTL';{”LC formula ¢ = ¢ A OO~ T with global GCIs, i.e., where i contains only
assertions and 7 is a conjunction of GCIs. Recall that, by Theorem 3.1, we can disregard assertions
entirely, so that we may assume w.l.o.g. that ¢ is of the form OO 7, with 7 containing only GCls.
If ¢ is of that form, we only need one formula type, namely the one that contains OO~7, 07, and
all subformulae of 7. As a consequence, the formula run maps every time point to the same formula
type. We call such a formula run constant. With a constant formula run, satisfiability coincides with
the existence of a constant quasimodel: a quasimodel (S, R) where S(i) = S(j) for all i, j € Z; that is,
all quasistates are the same.

LEMMA 3.6. An LTLbIn

ALClgGCI formula OO T is satisfiable iff it has a constant quasimodel.

Note, however, that a regular behaviour as in Lemma 3.5 also shows up in the concept runs,
which represent the evolution of domain elements.

Theorem 3.7 summarises the complexity of the logics LTLT&C and LTL 4.¢ and their fragments
with only global GClIs. It turns out that their respective complexity remains the same, regardless of
whether we consider Z or N for the temporal semantics.

THEOREM 3.7. The satisfiability problem is 2-ExpSPACE-complete in LTLE‘”LC, ExpSPACE-complete
in LTLljaitnLC|gGCI and LTL 4cc and ExpTiMe-complete in LTL ozcigcr-

PROOF sKETCH. Membership in 2-EXPSPACE is a consequence of a result presented below, in
Theorem 4.4. The lower bound is a consequence of a result in [32, Theorem 5], which shows
2-ExpSpAcE-hardness for LTLEX’EC over the natural numbers. To see that it transfers to our case,
note that we can easily reduce satisfiability of LTLET};C formulae without past operators over the
natural numbers to satisfiability over the integers. Indeed, without past operators, ¢ is satisfiable
over N iff it is satisfiable over Z. The exact same argument can be used to transfer the ExpSPACE
lower bound for LTL 4 ¢ using the semantics over the natural numbers [30, 39] to our case. The
other lower bounds follow from the fact that satisfiability is ExpSpAcE-hard for LTL™ [3, 29] and
ExpTiME-hard for ALC [43]. The remaining upper bounds follow from the our results on the shape
of quasimodels; details are provided in the appendix. O
4 LTLEE:C WITH INTERVAL-RIGID NAMES
Many temporal DLs allow so-called rigid names, whose interpretation is not allowed to change over
time. To formally define this notion, we fix a countable set Ng;; € Nc U Ny of infinitely many rigid
concept names and infinitely many rigid role names, and require interpretations 3 = (A%, (Z;)icz)
to respect these names, in the sense that XZi = X7Zj should hold for all X € N Rig and i, j € Z. Note
that LTLE’)\nLc can make concepts effectively rigid using (global) axioms of the form A = QA. That is,
rigid concepts are just “syntactic sugar”. On the other hand, rigid roles lead to undecidability even
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in LTL 4.¢ [39]. For these reasons, for LTL';{?:C, we do not get interesting results by considering
rigid names explicitly. However, they will become meaningful in the later sections, where we look
at other logics.

To augment the expressivity of temporal DLs while avoiding undecidability, we propose interval-
rigid names. In contrast to rigid names, interval-rigid names only need to remain rigid for a
limited period of time. Formally, we fix another countably infinite set Nirjs € (Nc U Ng) \ NRig of
interval-rigid names, and a function iRig: Nirig — N such that, for each n € N, there are infinitely
many concept names A with iRig(A) = n and infinitely many role names r with iRig(r) = n. An
interpretation I = (A3, (Z;);ez) respects the interval-rigid names if the following holds for all
X € Nirig and i € Z, where iRig(X) = k.

For each d € X% thereisaj € Zsuchthati € [j,j+k)andd € XZ¢ forall € € [j, j + k).

Intuitively, any element (or pair of elements) d in the interpretation of an interval-rigid name must
be in that interpretation for at least k consecutive time points. We call such a name k-rigid. The
names in (Nc U Ng) \ (Ngig U Njgig) are called flexible, and we assume that there are still infinitely
many flexible concept names as well as infinitely many flexible role names. For convenience,
we implicitly consider the function iRig to assign 1 to all flexible names, which does not affect
the semantics. Using this convention, we do not have to distinguish between flexible names and
interval-rigid names. For the complexity analysis, in the following we consider as input not only an
LTLIJ’Z‘"‘CC formula ¢, but additionally the restriction iRig|, of the function iRig to those interval-rigid
names that occur in ¢. We consider the size of this function to be the size of the largest number in
its codomain (in binary representation).

Example 4.1. To illustrate the effect of interval-rigid names, we make the example given in the
introduction more explicit. We might make the role name influenzaFinding rigid for 7 days to
express that an influenza infection lasts at least one week: iRig(influenzaFinding) = 7. Consider
the following simplified LTLE"{'}:C formula, containing a GCI expressing that someone with an
influenza finding is ill, that patient1 was known to have been healthy for a week 3 days ago, and
that he was diagnosed with influenza yesterday:

@ = 00" (dinfluenzaFinding.Finding C —HealthyPatient)
A Oj-3,—10)HealthyPatient(patient1)
A O~ influenzaFinding(patient1, finding1).

Due to the interval-rigidity of influenzaFinding, this formula implies that the patient will continue
to have influenza for at least 4 days:

¢ |= Oy,4influenzaFinding(patient1, finding?).

We investigate the complexity of satisfiability with (interval-)rigid names, which is defined
as before, but considers only interpretations that respect (interval-)rigid names. The decision
problem of satisfiability with (interval-)rigid concepts is defined correspondingly, with the re-
striction that Npig € Nc (Nirig € Nc¢). Note that (interval-)rigid roles can be used to simulate
(interval-)rigid concepts via existential restrictions 3r.T [20]. Therefore, the case where only role
names can be (interval-)rigid is not easier than the general case.

Interval-rigid concepts A € Nc N Njgig, iRig(A) = k, can be simulated by global LTL(,)&OZC GClIs of
the form

007 (=A C O(A - Do, p)A)).

Thus, Theorem 3.7 directly yields the upper bounds for this case (see Table 2). For the sublogics of

LTLE’Z&C that we investigate later, this is not always so easy.
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The complexity of LTLE‘{"EC with interval-rigid roles is harder to establish. We first show in
Section 4.1 the membership in 2-ExPSPACE, by extending the well-known quasimodel construction to
interval-rigid names. 2-ExpSpAcEe-hardness holds already for the case without interval-rigid names
or assertions [32] (see also Theorem 3.7). In Section 4.2, we then show 2-ExPTIME-completeness
for the fragment with global GClIs. To simplify the proofs of the upper bounds, in this section we
assume without loss of generality that

e Npig = 0 since rigid concepts can be simulated and rigid roles make satisfiability undecidable,

® Nirig € NR since interval-rigid concepts can be simulated as described above (actually we
treat all roles as interval-rigid by using the above convention that iRig(r) = 1 for all flexible
roles r), and

o formulae do not contain assertions (see Theorems 3.1 and 3.2 and the following lemma).

LEMMA 4.2. In the presence of interval-rigid names, satisfiability ofLTLE’f‘“LC formulae (with global
GClIs) can be polynomially reduced to satisfiability ofLTLljf&C formulae (with global GCIs and) without
assertions.

4.1 Satisfiability is in 2-ExPSPACE

For the 2-ExpPSPACE upper bound, we extend the quasimodel approach [32, 39] of Section 3. Recall
that quasistates contain types describing the interpretation of the domain elements at one time
point. To capture interval-rigid role relations, we consider quasistates that cover the temporal
evolution of domain elements over a window of fixed width. Satisfiability is still characterised by
the existence of regular quasimodels. We take the notions from Section 3 and extend them to the
new setting. The definitions of concept and formula types remain unchanged.

Let ¢ be an LTLljaianc formula. To put an upper bound on the time window we have to look at,
we consider the largest number occurring in ¢ and iRig|, and denote it by £,,. For infinite concept
and formula runs, we now consider subsequences of length 2£,, + 1 to account for the influence of
the interval-rigid names on the temporal evolution of domain elements and axioms, respectively.
Formally, a concept (formula) run segment for ¢ is defined as a sequence o(=€,)...d(0)...0({,)
composed exclusively of concept (formula) types, respectively, such that

R1 for all O« € cl*(¢), Oa € o(0) iff @ € o(1),

R2 forall O~ € cl*(p), O"a € 0(0) iff & € o(-1),

R3 for all aU;f € cl*(p), we have a U € o(0) iff either (a) o realises a U at 0 or (b) I is of the
form [c, o) and o, a U € o (i) for all i € [0, £,], and

R4 for all @ S;f € cl*(¢), we have a S;f € o(0) iff either (a) o realises @ S;f at 0 or (b) I is of the
form [c, o) and o, a SP € o (i) for all i € [-£,, 0],

where cl* is either cI® or ¢l (as appropriate). In contrast to Section 3.3, Conditions R1 and R2 now
evaluate the semantics of O and O~ only at time point 0, because run segments will be composed
later into full runs in a quasimodel. Conditions R3 and R4 deal with the semantics of ¢/ and S,
but only up to the finite horizon of £, and -, respectively.

We accordingly redefine concept (formula) runs for ¢ as sequencesr = ...r(-1)r(0)r(1)... such
that each subsequence of length 2¢,, + 1 is a concept (formula) run segment, and, for all n € Z,
R5 for all aUf € cl*(p), we have aUp € r(n) iff r realises a U at position n, and
R6 for all @ Sp € cl*(¢), we have a Sp € r(n) iff r realises & Sf at position n.

These conditions take care of satisfying temporal concepts and formulae over an infinite time
horizon.

We still need to check whether a set of concept runs (or run segments) can actually be composed
into a coherent model. In particular, we have to be aware of (interval-rigid) role connections
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Fig. 1. lllustration of role constraints and compatibility relations.

between elements. In our abstraction, these connections are represented using role constraints,
which connect two run segments with a role, and a counter used to keep track of how long domain
elements corresponding to those run segments have been connected. Formally, a role constraint
for ¢ is an expression of the form ¢ } ¢’, where o, ¢’ are concept run segments, s € Nr(¢), and

k € [1,iRig(s)] such that
C1 {=C | =3s.C € 6(0)} C ¢’(0).

Intuitively, o { o’ states that the domain elements described by ¢(0) and ¢”(0) are connected by
the role s at the current time point, have been connected by s in the previous k — 1 time points, and
will remain connected in the next iRig(s) — k time points. If two domain elements are connected
by s for more than iRig(s) time points, then there might be more than one role constraint in the
same quasistate expressing this connection. Condition C1 ensures that, if ¢(0) cannot have any
s-successors that satisfy C, then ¢’(0) does not satisfy C.

Quasistates describe the behaviour of a whole interpretation and its elements at a single time
point, and incorporate bounded information about up to £, time points of the past and future.
Formally, a quasistate for ¢ is a pair Q = (R, Cp), where R is a set of run segments and Cp a set
of role constraints over R such that

81 R contains exactly one formula run segment, denoted by oy in the following,

$2 forall 0 € Rp and 3s.D € ¢(0), thereis o § 0’ € Cp with D € ¢’(0) and k € [1, iRig(s)], and

$3 forall CC D € clf(p), wehave CC D € 00(0) iff C € o(0) implies D € ¢(0) for all concept run
segments o € Ro.

In order to integrate quasistates into an infinite quasimodel, we need conditions stating when
this is possible. To this end, we consider a pair (Q, Q") of quasistates to be compatible if there is a
compatibility relation 1 € Rg X R such that

C2 every run segment in R and R’ occurs in the domain and range of 7, respectively,
C3 each pair (0, 0’) € 7 satisfies 0> ~l¢ = ¢'<Co,
C4 for all (01, 0]) € 7 and 07 ; 0z € Q with k < iRig(s), there is 0] 43, 0, € Q' with (03, 0,) € 7,
and
’

C5 for all (01, 0]) € wand g 0, € Q" with k > 1, there is 01 ., 02 € Q with (03, 0;) € 7.

These relations ensure that we can combine run segments of consecutive quasistates such that the
interval-rigid roles are respected. Observe that C3 also makes sure that the unique formula run
segments match each other. Moreover, the set of all compatibility relations for a pair of quasistates
(Q, Q") is closed under union, which means that compatible quasistates always have a unique
maximal compatibility relation (w.r.t. set inclusion).

To illustrate this, consider Figure 1, which shows a finite sequence of pairwise compatible
quasistates, each containing two run segments. Here, £, = iRig(s) = 3. The relations 7, 7y, and 7,
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satisfy Conditions C2-C5, which, together with C1, ensure that a run going through the types
t4, 15, and 15 can be connected to another run via the role s for at least 3 consecutive time points.

A quasistate is the abstraction of an interpretation at a single time point, and compatibility
describes when two quasistates can capture consecutive interpretations. Consequently, a quasimodel
for ¢ is a pair (S, R), where S is an infinite sequence of quasistates ...S(—1) S(0) S(1)... with
consecutive quasistates being compatible and R is a set of runs such that

M1 ¢ € 05(0)(0),
M2 the runs in R are of the form ... 0_1(0) 64(0) 61(0) 02(0) . . . such that, for every i € Z, we have
(0, 0141) € m;, where ; is the maximal compatibility relation for the pair (S(i), S(i + 1)), and

M3 for every o € R, there exists a run r € R with rlizlo.i+ly] = .
Condition M2 ensures that the runs . . . 0_1(0) 00(0) 01(0) 62(0) . . . contain the run segments.. .., 0_1,
00, 01, 02, . . . : because o_1, 0y, 01, and o, stand in a compatibility relation with each other, we have

0-1(0) = 0p(—1), 01(0) = 0¢(1), 02(0) = 0y(2), and so on. Moreover, together with M3, Condition M2
guarantees that R always contains exactly one formula run, and that every run segment has a
corresponding run. Condition M1 ensures that ¢, the formula we are checking, is present at position
0 of the unique formula run in ‘R.

We can show that every quasimodel describes a satisfying interpretation for ¢ and, conversely,
that every such interpretation can be abstracted to a quasimodel. Moreover, one can always find a
quasimodel of a regular shape. This is captured by the following lemma, proven in Appendix B.

LEMMA 4.3. An LTLE"{”ﬁC formula ¢ is satisfiable with interval-rigid names iff ¢ has a quasimodel
(S,R) in which S is of the form

“(S(=k1)...S(=kz — 1)) S(=k2) ... S(0) ... S(ks) (S(ks + 1) ... S(ka))”,
where kq, ks, ks and ky are bounded triple exponentially in the size of ¢ and iRig|,.

Recall that we assume all numbers in the function iRig|, to be given in binary notation. Lemma 4.3
allows us to devise a 2-ExPSPACE decision procedure for satisfiability of a given LTLE’)"‘Lc formula,
similar to the setting without interval-rigid names from Section 3, where we guess the indices k;,
ko, ks, k4, as well as all quasistates, one after the other. Since 2-ExpSpACE and 2-NExXPSPACE coincide,
we can describe the procedure in a non-deterministic manner. The guessed numbers, ki, ks, k3,
and k4, each take at most double exponential space in binary encoding. To verify that the guessed
sequence S(—k7). .. S(ky) of quasistates corresponds to a quasimodel as in Lemma 4.3, only three
quasistates have to be kept in memory at any time. Observe that the size of each quasistate is double
exponentially bounded in the size of the input. Additionally, for each run segment o € Rg,), we
keep in memory a list of the U/-expressions in ¢(0), which need to be satisfied in the repeating part
of the quasimodel (for details, see Appendix B). The size of each list is polynomial in the size of
the input, and since there are at most double exponentially many run segments in R g(x,), this also
requires (at most) double exponential space. We do the same with Rg(_,) and S-expressions.

A matching hardness result without interval-rigid names was shown by Artale et al. [12].

THEOREM 4.4. Satisfiability in LTLE)Z\"&C with interval-rigid names is 2-EXPSPACE-complete.

4.2 Satisfiability with Global GCls is 2-ExpTIME-complete

We now consider LTLE’)& clgGer that is, we disallow the use of temporal operators on GCIs. Temporal

operators on GCls are very powerful because they allow universal constraints to change over time.
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For example,
D(m,,%s)(Elfinding.Pneumonia C drecommended.(Aminopenicillin LI Fluoroquinolone)) A
Op=365,0] (Elfinding.Pneumonia C EIrecommended.Aminopenicillin)

expresses that fluoroquinolones were removed from the list of recommended antibiotics for pneu-
monia treatment one year ago. If we allow only global GCIs, we cannot express such changing
recommendations; however, as we show in this section, the complexity drops from 2-ExPSPACE to
2-ExpTIME. Here, we can still use temporal operators on assertions, which is central if we want
to reason about temporal data, as well as on concepts. Note that Example 4.1 uses only temporal
operators on assertions.

For satisfiability of LTLL’Z& clgGer formulae, we show 2-ExpTIME-completeness. By Theorem 3.1,

we can w.l.o.g. consider LTLZilnﬁC formulae of the form ¢ = OO 7, where 7T is a conjunction of
GClIs. Due to the definition of quasimodels, this means that all formula types in a quasimodel
must contain all GCIs from 7. To prove our upper bound (Theorem 4.6), we show that, to check
satisfiability of ¢ with interval-rigid roles, it suffices to consider constant quasimodels (S, R) with S
of the form “Q%, where Q is a quasistate (cf. Lemma 3.6).

LEmMMA 4.5. An LTLTLC@GCI formula ¢ is satisfiable over Z with interval-rigid names iff there is a

constant quasimodel for ¢.

Proor. By Lemma 4.3, it suffices to look for a quasimodel for ¢. Given such a quasimodel (S, R),
we can modify all S(n) by adding to S(n) all concept run segments and role constraints in S(i), with
i # n. Denote the resulting sequence by S’. Since each S(i) satisfies S2, each modified S’(n) satisfies
S2. As all GCls are global, $3 holds. Since we do not change formula run segments, Conditions S1
and M1 for the existence of a quasimodel still hold. Thus, S’ is a sequence of quasistates. Moreover,
each S’(n) is compatible with S’(n + 1) = S’(n). To satisfy Conditions M2 and M3, we add to ‘R all
runs in

{r~" | r € R aconcept run, i € Z},

where r~¥(n) := r(n +1i) for all r € R and n € Z, resulting in the set R’ of runs. The tuple (S’, R’) is
still a quasimodel and satisfies S’(i) = S’(j) for all i, j € Z, as required. )

To solve the satisfiability problem, we describe a type elimination procedure for checking the
existence of a constant quasimodel. We first compute in 2-ExPTIME the set rs(¢) of concept run
segments o for ¢ such that C € ¢(0) implies D € ¢/(0), for all C C D € clf(¢p). We then compute the
set rc(g) of all possible role constraints over rs(¢). We initialise Q = (Rg,Cp) with Rg = rs(¢)
and Cp = rc(p).

We then proceed as follows. Given a concept run segment o € R, let X,; be the set of all images
of functions mapping each concept of the form Js.D € ¢(0) to a role constraint o } ¢’ € Cg with
D € ¢’(0). Given x, € X, and x,+ € X,+, we say that (x,, x.) is suitable if 0> ~‘» = ¢’<‘¢» and

. iy . . . . >—{, <{,
® 0} 01 € X5 with k < iRig(s) implies that there is 0’ ;3 02 € x;» with o] * =0, “;and
. . . . . >=C <t
e 0’} 03 € Xo» with k > 1 implies that there is 0 %, 01 € x5 witho, " =0, *.

We define a relation 7 € R X R, where 7 is a set of pairs (o, 0’) such that, for some x, € X,
and x,» € X,, the pair (x4, x,) is suitable. We then exhaustively eliminate each run segment o
from R that violates one of the following conditions:

E1 there are 01, 02 € R such that (01, 0) € 7 and (0, 02) € 7,
E2 forall CU;D € o(0), thereis k > 1and asequence 0y, . . ., o € R such that (0) 02(0) - - - 0% (0)
realises CU;D, (o, 03) € 7, and (oy, op41) € 7w, forall 1 < £ < k, and
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E3 forall CS1D € 0(0), thereis k > 1and a sequence oy, . . ., 03 € R such that ox(0) - - - 02(0) 0(0)
realises C S;D, (03, 0) € 7, and (0¢41,0¢) € m,forall 1 < £ < k.

We assume that, whenever o € R is eliminated, we remove all role constraints involving o
from Cg and, for all remaining ¢’ € R, we update X, accordingly. We also remove (o1, 03) from 7
if there is no x5, € X, and x5, € X,, such that (x,,, x5,) is suitable.

When this process terminates, we have found the maximal sets of concept run segments and role
constraints to form the quasistate of a constant quasimodel (if a quasimodel exists). Our algorithm
returns “satisfiable” iff there is a surviving concept run segment in R . Theorem 4.6 formalises the
upper bound obtained using this algorithm.

THEOREM 4.6. Satisfiability in LTL.lli\nLC|gGCI with interval-rigid names is in 2-EXPTIME.

Proor. Since R and 7 contain at most double exponentially many elements, Condition E1 can
be checked in double exponential time. For Conditions E2 and E3, the algorithm performs a series
of reachability checks in the graph (R, ), which is of double exponential size. We explain in
more detail how to deal with U/-expressions. The procedure for S-expressions is analogous. For
each 0 € R, we consider the set U that contains all (polynomially many) until expressions in
o(0). We enumerate all possible total orders C; U, Dy < CoUy, Dy < - -+ < Cyy| Uy, Dy over U,
of which there are exponentially many. For a fixed such order, we enumerate all possible choices
of run segments ¢',...,c!Ul € R such that each o'*! is reachable from o', for all i € [1,|U]),
and the U-expression C; Uy, D; is satisfied on the path to ¢/, for all i € [1, |U|]. As before, there
are double exponentially many possibilities for these run segments (since |U| is polynomial), and
the reachability checks can also be done in double exponential time. As there are initially double
exponentially many run segments and in every step some run segment is eliminated, the procedure
terminates in double exponential time.

Correctness of the procedure is given by the following claim.

CraiM. The algorithm returns “satisfiable” iff ¢ is satisfiable with interval-rigid names.

By Lemma 4.5, it suffices to check the existence of a constant quasimodel. (=) It is straightforward
to verify that any sequence resulting from a successful series of the checks described above satisfies
the conditions of Lemma 4.5. In particular, any two consecutive quasistates are compatible by
Condition E1 and the definition of 7. Moreover, the required runs exist by Conditions E2 and E3.
(&) Let S be a sequence as in Lemma 4.5. Then the concept run segments and role constraints of
all 5(i) must be included in Q as constructed by the algorithm, because the conditions checked by
the algorithm are satisfied by any such constant quasimodel. O

The matching lower bound can be shown even without metric temporal operators by an easy
adaptation of an existing proof [20], which uses a rigid role to fix an interpretation structure
over which information can be transferred. However, this structure only needs to stay fixed for
exponentially many time points, which can be ensured using an interval-rigid role instead.

TueOREM 4.7. Satisfiability in LTL 4cc|gcer with interval-rigid names is 2-ExpTiME-hard.

5 ALC-LTL’™ WITH INTERVAL-RIGID NAMES

After considering the very expressive DL LTLT&C’ we now focus on its sublogic ALC-LTLY", the
fragment of LTL';{”LC that does not allow temporal concept operators. The first study on the even
smaller logic ALC-LTL [20] provided tight complexity bounds for all possible combinations of rigid
concept and role names over the natural numbers. In contrast to LTL 4.¢, rigid concepts cannot

be simulated by GClIs, and rigid roles do not immediately lead to undecidability. In this section,
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we consider interval-rigid names in addition to rigid names, and show several new complexity
lower bounds that already apply to ALC-LTL, i.e., without metric temporal operators. We prove
our lower bounds for ALC-LTL with past operators over the integers, but similar arguments also
apply for the case where we have natural numbers and no past operators [16]. Following the first

work on ALC-LTL [20], we denote restriction of ALC-LTL"" to global GCIs by ACC—LTLll’;"G cr

The insight that interval-rigid concepts can express the operator O on the concept level is
central for our hardness proofs. This directly yields our first result, namely ExpSpace-hardness for
ALC-LTL with interval-rigid concepts, in Section 5.1. This observation is also central to Section 5.2,
where we show 2-ExPSPACE-hardness for ALC-LTL with interval-rigid roles, matching the upper
bound provided by Theorem 4.4. We leave open the precise complexity if only global GCIs are
allowed in that setting. Finally, if interval-rigid concepts and rigid roles are allowed, we are able to
show undecidability (see Section 5.3).

5.1 Rigid and Interval-Rigid Concepts

As the first setting, we consider the case where only concept names can be rigid or interval-rigid
(but not role names). Recall from Section 4 that rigid concepts and interval-rigid concepts are
expressible in LTL?[‘OZC via global GClIs, and hence by Theorems 3.4 and 3.7 we can transfer all
upper bounds from LTLE’)&C without (interval-)rigid roles. Moreover, the ExpTiME-hardness from
ALC [43] and the ExpSpace-hardness from LTLP" [3] still apply, which already gives us tight
bounds for satisfiability in ALC-LTL|46c; and ALC -LTL'l’;“G c- This leaves only two gaps to fill.
First, for ALC-LTL with (interval-)rigid concepts, the best known lower bound from the literature
is NExpT1iME [20] (for the natural numbers and without past operators), which we improve here to
a tight ExpSPACE lower bound (see Theorem 5.2). Second, we show that, in contrast to LTL];{”LC,
this complexity does not increase when we add metric temporal operators. That is, satisfiability in
ALC-LTLY™ with (interval-)rigid concepts is also ExpSpacE-complete (see Theorem 5.3).

As a first step, we describe how to simulate the operator O on concepts by using interval-rigid
concept names. For this purpose, we consider ALC-LTLC formulae, which extend ALC-LTL by
allowing the concept constructor OC. However, since we do not need past operators for our
hardness proofs, in the following we consider ALC-LTLC formulae only without past operators
and w.r.t. a temporal semantics based on N.

LEmMA 5.1. Any ALC-LTLC formula ¢ can be translated in polynomial time into an ALC-LTL
formula ’ with interval-rigid concept names such that ¢ is satisfiable over N iff ¢’ is satisfiable over Z.

Proor. The basic idea is to use 2-rigid concept names Aqp to transfer the information that
a concept OD should be satisfied at time point i to the next time point i + 1, at which we then
enforce that D is satisfied. However, due to the definition of interval-rigid concept names, we have
to ensure that Aop was not already satisfied at i — 1, because then it does not need to be satisfied
at i + 1. To solve this problem, we use three concept names Aij, 0 < j < 2. Each of them can be
used only to transfer information from any time point i that is congruent to j modulo 3 to the next
time point i + 1. At time point i + 2, we then enforce that A]b pis unsatisfiable, which means that
we can reuse it at time point i + 3, which is again congruent to j modulo 3. For the transitions from
i+1toi+2andfromi+2toi+ 3, we can use the other two concept names (see Figure 2).

To start, we set up a counter modulo 3, by marking all domain elements of a model of our formula
with the concept name A?™°43)_ For convenience, we consider all superscripts modulo 3, i.e., we
have A3 = A® and A1 = A%

Veounter = (T C AO) ADOO /\ (((T EAi) N O(T I;Aiﬂ)) A (Ai C —-AHI)),

0<i<2

ACM Trans. Comput. Logic, Vol. 21, No. 4, Article 30. Publication date: August 2020.



30:20 F. Baader, S. Borgwardt, P. Koopmann, A. Ozaki, V. Thost

Ao A _ il

Ay - Ay - A, - Ag

| z» Atp 3 Atp 3 |
Ty I I, 75

Fig. 2. A model with an element in (AOOD)IU (upper rectangle) and an element in (AloD)I1 (lower rectangle).

This formula implies that all domain elements satisfy exactly one of the concept names A°, A!, A%:
at time point 0, all of them satisfy A, afterwards A', and so on (see Figure 2).

We now define the operator -~© that transforms any ALC-LTLC formula ¢ or concept C into
a formula or concept of ALC-LTL. Consider first the case of an ALC-LTLO concept C, i.e., an
LTL 4. concept that contains no temporal operators except O. We replace all its subconcepts
of the form OD, starting from the outermost ones, i.e., the ones that do not occur in the scope of
another O-operator. To obtain C~©, we replace each outermost subconcept OD by

| | abpnan,

0<i<2

i
where AoD’

ALC concept. As described above, AiO p indicates that D should hold at the next time point, but
it can only be used at time points marked with A’. We can thus simulate the semantics of OD as
follows:

0 < i < 2, are fresh 2-rigid concept names. The resulting concept C~© is a classical

Yop =007 A\ ((A7" £ =45p) A (4™ C AL, « D).
0<i<2

Note that the replacement operator -~© is applied here to the inner concept D, which may still
contain more occurrences of O. As observed above, D™, and therefore also Yob, can be formulated
in pure ALC-LTL.

The formula 1//Q p says that AiOD is unsatisfiable at time points marked by A’"!. Since .AiO b is
2-rigid, if A, MA" is satisfied by some individual, then at the next time point (marked by A1) this
individual must still satisfy A’bD, and hence also D~©. Conversely, if an individual satisfies D~©

and A™!, then it must also satisfy A’

oD’
point. This means that satisfying A’b [, atany time point marked by A’ is equivalent to satisfying D~©
at the next time point. It is easy to show by induction on the structure of concepts that, under the
constraints given by ¢ and all formulae /op for which OD € sub®(C), the concept C~© is thus
equivalent to C.

Given any ALC-LTLC formula ¢, we obtain ¢~© by replacing all outermost concepts C by C™©.
It is easy to see that ¢ is satisfiable iff the ALC-LTL formula

(P_O A lﬁcounter A /\ IﬁOD

ODesub(¢)

and therefore it must have satisfied A’b p at the previous time

is satisfiable. Since satisfiability of ¢ is considered w.r.t. N, and we need the past operator O~ here
only to ensure that A% p cannot be satisfied at time point —1, the time points before —1 can be
ignored. O
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We now obtain our first lower bound via a result from [30], which shows that satisfiability in
ALC-LTLO is ExpSpacE-hard.

THEOREM 5.2. Satisfiability in ALC-LTL with interval-rigid concepts is EXPSPACE-hard.

ProoF. The temporal logic Q7 £! is the 1-variable fragment of the extension of first-order logic
with the strict version of the {/-operator [30], which can equivalently be expressed by the non-strict
U (as we use it here) and O. Furthermore, QTE%D is the fragment of Q7 £ in which only O can be
applied to open formulae, while U/ can be applied to sentences only. It is known that satisfiability in
QT L}, is ExpSPACE-complete, and moreover the proof of that result uses only unary predicates [30,
Theorem 11.33]. Monadic Q'TE%D formulae can be expressed as ALC-LTLC formulae in the obvious
way, where open formulae correspond to concepts and sentences correspond to formulae. For
example, a formula of the form (Vx.¢) can be expressed as the GCI T C C,,, where C,, is the concept
equivalent to the open formula ¢. The translation of the other constructors is straightforward.
Together with Lemma 5.1, this shows the claim. m]

To show the matching upper bound for ALC-LTLY", we employ a simple reduction to use the
results shown for LTL 4-¢ [48] (see also Theorem 3.7). The idea is that we first eliminate the
metric temporal operators from the ALC-LTLP™ formula by using Proposition 3.3, which yields an
ALC-LTL formula with an exponential number of subformulae. Moreover, as described in Section 4,
we can express (interval-)rigid concept names by using LTL?&DZC concepts. Using Theorem 3.4, we
can obtain an LTL 4,¢ formula with only an additional polynomial blow-up. It then suffices to
observe that the complexity of this approach is not affected by the exponential blow-up in the
number of subformulae.

THEOREM 5.3. Satisfiability in ACLC-LTLP™ with rigid concepts and interval-rigid concepts is in
EXPSPACE.

ProoF. Let ¢ be an ALC-LTL™ formula, and ¢' the ALC-LTL formula obtained from ¢ by
the construction of Proposition 3.3. Since ¢ does not contain any temporal concepts, the number
of subformulae of ¢ increases at most exponentially, but the subconcepts of ¢ stay the same
(although they can occur more often). More precisely, we have |subf(q0T)| < (b + 1)3|subf(qo)| and
sub(¢") = sub®(p), where ¢, again denotes the maximal number occurring in temporal operators
or interval-rigidity constraints. For example, the translation of p U], .,1¥ uses formulae of the form
Ol (with i < t,), which have at most £,, + 1 subformulae Oitﬁ, oy, ..., 0, ¥, where before
we had only ¢ itself. These formulae are further used in a disjunction of conjunctions (each with at
most £, + 1 components), hence the factor of (€, + 1)* above. Note that the subformulae of p and ¥
remain the same during this replacement step. If we do this in a “bottom-up” way, starting with the
innermost subformulae, in each step we replace one subformula by (£, + 1)° new ones, and can do
this at most once for each {/-formula, i.e., at most |subf(<p)| times.

We extend ¢ by global GCIs that simulate the (interval-)rigidity constraints using LTL(;"OZC con-
cepts, as described in Section 4, and denote the result by ¢*. We have |subf((pi)| < p(|subf((pT)| +m)
and [sub®(¢*)| < p(|sub®(¢")| + m), where m < |sub(¢)| is the number of (interval-)rigid concept
names occurring in ¢ and p is a polynomial. We can now assume that Npjg; and Njg;; are empty.
By Theorem 3.4, we can express ¢+ as an LTL 4 ¢ formula ¢' with |sub(¢")| < p’(|sub®(¢*)|) and
lsubf(¢")| < p’(|sub(¢¥)|) for some polynomial p’. In summary, we have obtained a formula ¢' that
is equisatisfiable to ¢, and to which we can apply Theorem 3.7 (where we state that the well-known
quasimodel algorithm [48] can be adapted to Z) in order to decide satisfiability. Moreover, the
number of subformulae of ¢' is bounded exponentially in the size of the original formula, while the
number of subconcepts increased only by a polynomial. It thus suffices to find a regular quasimodel
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for which the length of the initial and repeating parts is bounded by a function that is double
exponential in the size of sub®(¢"), exponential in the size of subf(¢!), and polynomial in the size of
Ni(¢") = Ni(¢), which is overall at most double exponential in the size of the original formula ¢ [48,
Theorem 24] [30, Theorem 11.30]. Since the size of each quasistate is bounded exponentially in the
size of ¢ [48, Definition 10], we only need exponential space to search for such a quasimodel. O

5.2 Interval-Rigid Roles

We now additionally allow interval-rigid roles and obtain a 2-ExPSPACE-hardness result matching
the upper bound given by Theorem 4.4. By Lemma 5.1, it suffices to prove hardness for ALC-
LTLC over N. The proof uses a reduction from the word problem for double exponentially space
bounded deterministic Turing machines. We encode the computation of the machine along the
temporal dimension using double exponentially many time points for each configuration. The main
problem is that we need to transfer information about the tape cells double exponentially far to the
next configuration. We solve this by encoding a double exponential counter with exponentially
many bits, where each time point corresponds to a bit position, and the counter is incremented
using names that are interval-rigid for exponentially many time points. To transfer information
over double exponentially many steps, we use a domain element for each tape address and check
whether there is a match between the current value of the double exponential counter and the
address represented by this domain element. Lower bounds using double exponential counters
have already been studied [33, Theorem 4.2]. However our proof using interval-rigid roles uses
different constructions, presented in full detail in Appendix C.

THEOREM 5.4. Satisfiability in ALC-LTL with interval-rigid names is 2-EXPSPACE-hard.

5.3 Rigid Roles and Interval-Rigid Concepts

Finally, we show that further adding rigid roles makes satisfiability in ALC-LTL undecidable, even
if temporal operators are only used on assertions and no interval-rigid roles are used. Our proof is
by a reduction from the following tiling problem, which is =}-hard [34].*

Given a finite set of tile types T with horizontal and vertical compatibility relations H
and V, respectively, and t, € T, decide whether one can tile Z X N with t, appearing
infinitely often in the first row to the right of position (0, 0).

We define an ALC-LTL 4G¢r formula @7 4, that expresses this property. The vertical dimension (N)
is expressed using an infinite rigid role chain. For the horizontal dimension (Z), we use the temporal
dimension and simulate the constructor O by using ideas similar as in Lemma 5.1. Since we can
use only global GCIs, however, we cannot express the progression of the counter (using A%, A, A?)
over all domain elements simultaneously. However, it is sufficient to do this for all elements on the
rigid role chain mentioned above, which can be done by transferring the value of the counter using
value restrictions.
More precisely, our reduction uses the following symbols:

e arigid role name r to encode the vertical dimension of the Z X N grid;

o flexible concept names A%, A, A% to encode a counter modulo 3 along the horizontal (temporal)
dimension;

o flexible concept names P; (with ¢ € T) to denote the current tile type;

e 2-rigid concept names N7, N/}, N7 for the horizontally adjacent tile type; and

4In [34], the problem is shown to be Zi—hard for the quadrant N x N, but this result can be extended to Z x N exactly as
in the proof of Theorem 6.3 in the same paper. Essentially, the runs of Turing machines are extended to trivial infinite
“backward” computations, which do not otherwise affect the behaviour of the machines.
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e an individual name a that denotes the first row of the grid.

We define ¢r 4, as the conjunction of the following ALC-LTL|46cs formulae. First, every domain
element must have exactly one tile type:

teT t'eT, t£t’

For the vertical dimension, we enforce an infinite rigid r-chain starting from a and restrict
adjacent tile types to be compatible:

OO (TC3r.T), OO (P, c || \/r.P,/).
(t,t")eV
For each time point i, we want to mark all individuals along the r-chain with the concept name
Alimod3) Tnstead of expressing this for all domain elements, we describe the progression of the
counter only for g, and then transfer the counter value to all r-connected elements, using the
following formulae for all 0 < i < 2:

A'(a), OO (Al(a) > OA™(a)), OO (A'C -A"'nvr.A").

The last GCI states two things simultaneously: first, Al and AT are disjoint, and, second, the value
of A is transferred to all r-successors.

To encode the compatibility of horizontally adjacent tiles, we add the following formulae for all
0<i<2andteT:

oo (ponalc | | N DOT(NfnA™CPR), 00 (A C-NY).
(t,t")eH
Similar to the proof of Lemma 5.1, these express that any domain element with tile type ¢ (expressed
by P;) at a time point marked with A’ must have a compatible type t’ at the next time point
(expressed by N,). Since all N}, are false at the previous time point (designated by A’~") and
iRig(N',) = 2, any N/, that holds at the current time point is still satisfied at the next time point
(marked by A'*!), where it then implies P,.
Finally, we express the condition on t, via the formula

D<>Pt0 (@).

We now obtain the claimed undecidability from known results about the tiling problem [34].

THEOREM 5.5. Satisfiability in ACC-LTL 4G with rigid roles and interval-rigid concepts is £} -hard,
and thus not recursively enumerable.

6 ALC-LTLP™ WITHOUT INTERVAL-RIGID NAMES

To conclude our investigation of metric temporal DLs, we consider the setting of ALC-LTLP™"
without interval-rigid names. Observe that all lower bounds follow from known results, since they
hold already without past operators over a timeline given by N. In particular, ExpSPACE-hardness

for ALC -LTL?’;”G cI is inherited from LTLP" [3, 29], while rigid role names increase the complexity
to 2-ExpTIME in ALC-LTL 46cr [20] (see Table 2).

The upper bounds can be shown using an existing approach [20]. The idea is to split the satisfia-
bility test into two parts: one for the temporal and one for the DL dimension. In what follows, let ¢
be an ALC-LTLP" formula. The propositional abstraction ¢P is the propositional LTLY" formula
obtained from ¢ by replacing every ALC axiom by a propositional variable in such a way that
there is a one-to-one relationship between the ALC axioms ay, . . ., @, occurring in ¢ and the

propositional variables py, .. ., py, in ¢P.
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The general idea is to first verify the existence of a model of ¢P, and then to use it to construct
a model of ¢ (if it exists). While satisfiability of ¢ implies that ¢P is also satisfiable, the converse
is not true. For example, the propositional abstraction p A ¢ A =r of ¢ = AC B A A(a) A =B(a) is
satisfiable, while ¢ is not. To rule out such cases, we collect the propositional worlds occurring in a
model of ¢P into a (non-empty) set W C 2{P1----Pm} wwhich is then used to check the satisfiability
of the original formula (with rigid names). This is captured by the LTLY™ formula @by = 0P A pwy,
where ¢yy is the (exponential) LTL formula

oo \/ | A s /N -l

Wew \peW ey

in which W := {p1,...,pm} \ W denotes the complement of W. The formula @Y, states that, when
looking for a propositional model of ¢, we are only allowed to use worlds from W.

Since satisfiability of ¢ implies satisfiability of ¢}, for some W, we can proceed as follows: we
first choose a set WV of worlds, test whether (p% is satisfiable, and then check whether a model with
worlds from W can indeed be lifted to a temporal DL interpretation (respecting rigid names). To
check the latter, we consider the conjunction A\, cy @; A A\ W "% for every W € W. Note that
the rigid names require that all these conjunctions are simultaneously checked for satisfiability. To
tell apart the flexible names X occurring in different elements of W = {W, ..., Wi}, we introduce
()
J

copies XV for all i € [1, k]. The axioms a'' are obtained from a; by replacing every flexible name X

by X, which yields the following conjunction of exponential size:

o= AN @@n A\ ).

i=1 Pj eW; Pj eWi
The following known characterisation [20] can be easily adapted to our setting.

LemMaA 6.1 ([20]). An ALC-LTLY™ formula ¢ is satisfiable with rigid names iff there is a set
W C 2{PPm} sych that @Y, and yy are both satisfiable.

From this, we can easily obtain the upper bounds for ALC-LTLY". Note that the EXpSPACE upper
bound already follows from Theorem 5.3.

THEOREM 6.2. Satisfiability in ALC-LTLP" is in 2-ExpTiME with rigid names, and in ExPSPACE
with rigid concepts.

Proor. By Lemma 6.1, the satisfiability of ¢ can be decided using the following steps:

(1) find a set W C 2{Pr--pm}
(2) check the satisfiability of yyy, and
(3) check the satisfiability of ¢},, = ¢P A gy.
Depending on the targeted complexity class, Step (1) can be handled in the following different
ways [20]:

e one can guess a set WV in (non-deterministic) exponential time, or

e one can enumerate all sets )V in (deterministic) double exponential time.
Moreover, Step (2) is exactly the same as for ALC-LTL, which means that the know complexity
upper bounds [20] directly apply to Steps (1) and (2). In particular, they are possible in 2-ExpTIME
in general and in NExpT1iME if we only allow rigid concepts. It only remains to determine the
complexity of Step (3), and take the union of the obtained complexity classes.
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For this, we translate ¢P into an exponentially larger LTL formula ¢P’ using Proposition 3.3. Since
the exponentially large ¢yy is already an LTL formula, the satisfiability of 9P’ A ¢yy can be checked
in exponential space. This yields the claimed results since NExpTIME C (N)ExPSpPACE C 2-EXPTIME.

(]

As aresult, in most cases, the complexity of the DL part is dominated by the ExpSpACE complexity
of the temporal part. The only exception is the 2-ExpTimE bound for ALC-LTLY™ with rigid names.

7 DISCUSSION AND RELATED WORK

Temporal DLs have been extensively studied (see [39] for an overview). The most closely related
works [16, 20, 32] were already mentioned in the introduction. Our main contribution, presented in
Section 4, is a non-trivial extension of LTLE‘“LC [32] with interval-rigid names and assertions, and
its complexity landscape. We also studied, in Sections 5 and 6, combinations of ALC-LTL [20] with
interval-rigid names and metric temporal logic, respectively. Our results are based on a previous
conference paper [16], the main difference being the change of temporal semantics from N to Z,
the encoding of assertions into GCIs (Section 3.1), and the proof that satisfiability in ALC-LTL
with interval-rigid names is 2-ExpSPAcE-hard (Section 5.2). We now discuss the relation with some
other works on (metric) temporal (description) logic.

Temporal Roles. A temporal operator [J applied to a single role leads to undecidability in LTLET};C»
since one could then easily adapt the undecidability proof for satisfiability of LTL 4 ¢ with rigid
roles [39]. Artale et al. [11] show that one can combine ALC concepts with the qualitative operators
¢ and O on roles by disallowing the O-operator, but they do not consider quantitative variants.

Interval Temporal Logic. There are works combining DLs with (sublogics of) Halpern and
Shoham’s interval logic [4, 9, 42], which uses Allen’s 13 relations between intervals to reason
about the relative temporal position of different events. This setting is quite different from ours,
since it uses intervals (rather than time points) as the basic time units.

Metric Temporal Logic. Extensions of propositional logic with metric temporal operators have
been proposed for both linear [2, 3] and branching time [28]. In linear time, two semantics have been
studied: continuous and pointwise [40]. In the pointwise semantics, a monotonic function associates
each state with a time point. This mapping may not be continuous, as there may be time points
not associated with any state whereas in the continuous semantics each time point is associated
with a state (and vice-versa). One can polynomially translate a metric temporal logic formula
under the pointwise semantics into a formula under the continuous semantics over the natural
numbers [32, 35]. Once the semantics is chosen, there is the choice of timeline. In both semantics,
propositional metric temporal logic over the reals is undecidable [3], but decidable fragments have
been identified [1, 24]. In this work, we adopted a linear continuous semantics over the integers.
Recently, an interesting metric temporal extension of Datalog over the reals was proposed, which
however can express neither interval-rigid names nor existential restrictions [25, 26, 47].

Timeline. The complexity of temporal ALC has been extensively studied over the natural num-
bers [20, 30, 48] and, more recently, over finite intervals of natural numbers [12-14]. As already
mentioned, our results build on our previous work [16] for a timeline given by N. The satisfiability
of formulae in the logics we consider may change depending on the chosen timeline. For instance, if
Alis a 2-rigid concept name, then the formula A(a) A QO(T E —A) is only satisfiable over Z, whereas
the formula B(a) A O™ (T C —=OB) cannot be satisfied over Z, but is satisfiable over N. Regarding
the quasimodel construction in Section 4.2, a central observation was that, with a semantics over Z,
every satisfiable formula has a constant quasimodel. This is not the case if the semantics is defined
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for N, since formulae of the form (T C —QC) enforce that a concept type can only contain C
at time point 0. Also, over Z, a quasistate at time point 1 can contain role constraints ¢ } ¢’ with
k > 1, which cannot happen over N.

Other Description Logics and Reasoning Problems. In principle, the arguments for ALC-LTLY™ in
Section 6 are also applicable if we replace ALC by the lightweight DLs DL-Lite or £L, yielding tight
complexity bounds based on known results [7, 23]. The complexity of temporal extensions of DL-
Lite with interval-rigid roles and metric operators has been investigated in detail [46]. Apart from
satisfiability, the complexity of a variety of combinations of temporalised DLs and query languages,
in particular based on conjunctive queries, has been investigated previously [5, 10, 17, 18, 21-23, 31];
for a recent survey, see [6]. Probabilistic extensions of temporalised conjunctive queries are also
becoming the subject of investigations [36].

8 CONCLUSIONS

We have investigated a series of extensions of LTL 4.¢ and ALC-LTL with interval-rigid names
and metric temporal operators, with complexity results ranging from ExpTIME to 2-EXPSPACE.
This paper provides a comprehensive guide to the complexities faced by applications that want
to combine ontological reasoning with quantitative temporal logics. There are several interesting
dimensions to explore further, guided by practical applications. These include using DLs other than
ALC, metric temporal extensions of conjunctive queries, combinations with concrete domains and
probabilistic reasoning to model (uncertain) measurements, and using metric temporal semantics
based on bounded, finite, and dense timelines. An interesting extension of interval-rigid roles would
be to make the length of the interval-rigidity dependent on the role fillers. For example, a finding
of Influenza will typically have a different duration than one of ChickenPox, so one could require
any pair of elements (d, ¢) € findingZ with e € Influenza®i to keep these two properties for at
least 7 days, and choose a longer duration in the case of ChickenPox. We conjecture that such an
extension would not affect our complexity results.
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A PROOFS FOR SECTION 3

THEOREM 3.1. Satisfiability ofLTLt’X’EClgGCI formulae can be polynomially reduced to satisfiability

bin ; :
OfLTLAcc|gGCI formulae without assertions.

ProoFr. We show that ¢ A0~ 7 is satisfiable iff 007 (7 A (T C 3r.A,)) is satisfiable, where rg
is a fresh role name.

(&) Let I = (A%, (Z;)iez) be a model of OO (T’ A (T T 3r.A,)). Since T € T, we have
3,0 |= OO 7. We extend J to an interpretation 3’ = (AS,, (Z))iez) for which additionally 3,0 |= ¢.
Since 3,0 |= T C 3ry.A, and the domain must not be empty by definition, there exists a domain
element d* € A such that d* € (A,)%. Based on d*, we extend J as follows.

o AV =AU {da fresh | a € N.((p)}.
e For all a € Ni(¢p), set a® = d,,.
e Foralli € Zand A € Ng, set ATi == AZi U {da | d* € AA"(a)}.
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e Foralli € Zand r € Ng, set r%i == rLi U {(da,db) | d* € Ar(a b)} v {(da,e) | (d*,e) € ra"}‘

It is easy to show by structural induction on C that C%i N A¥ = C% for all concepts C and i € Z;
that is, the interpretation of all concepts on the original domain remains unchanged. In particular,
all GCIs in 7 remain satisfied on the elements of A™. It is also straightforward to show by structural
induction that, for all assertions a over the concepts in sub®(¢) U sub’(7") and the individual names
Ni(¢), it holds that 3',i |= « iff d* € Ag", for all i € Z. We only describe the case of existential
restrictions here in detail. The other cases can be handled similarly.

Consider an assertion of the form (3r.C)(a). First, if d, € (3r.C)%:, then there is e € AY such that

(dg,e) € rfiand e € CTi. If e = d}, for some b € Ni(p), then J',i |= r(a,b) A C(b), d* € A} (u b) and

d* € Ac(b), and because 3, i [F Aar.c)a) = Lpeni(p)(Ara.b) M Acp)) U 3r,.C, also d* € A(Hr O)ay

Otherwise, e # dj, for all b € Ni(¢), which implies (d*, e) € r;’ by the definition of 3’. Since e € cTi
and e € A, also e € CTi. But then, d* € (Era C)%i, which together with our equivalence axiom
implies d* € A(Br O)a) We obtain that J’, i |= (Ir.C)(a) implies d* € A(Er O)ay

Now assume that d* € A2 Because 3,i = Aar.c)a) = Lpen(p)(Ara.p) M Acpy) U Irg.C,

(3r.C)a)’
either i) for some b € N|(b), we have d* € Al rab) and d* € Acp), orii) d* € (3r,.C)% . Inboth cases,

it follows by our inductive hypothesis and by construction that d, € (3r.C)% and 3, i |= (3r.C)(a).

This concludes our induction, which also shows that the GCIs C C D from 7 are satisfied by the
new domain elements of the form d,, due to the axioms Ac(q) E Ap(q) in 7', which are satisfied
by 3. A similar induction over the subformulae of ¢ can be used to show that 3’,0 |= ¢. As a
consequence, we obtain 3’,0 = ¢ ATO"T.

(=) Let 3 = (A%, (Zi)icz) be a model of ¢ A 0”7 Based on I, we construct a model I’ of
OO0~ (T’ A (T E 3ry.Ay)) as follows, where 3’ = (AY, (Z))icz). Note that T E 3ry.A, requires us
to model the satisfaction of ¢ not only at time point 0, but actually at every time point. To this end,
the domain of the new interpretation basically consists of multiple copies of A¥, regarded as fresh
at each time point. The model 3’ is now defined as follows.

@ AY :={d; |de AY,ieZ}.

(b) For every i,j € Z and A € Nc(p), set AZi = {dj |jezde AI”J'}.

(c) Foreveryi,jeZ and r € Nr(), set rZi = {( ,ej) | j€Z,(de) e rI”f}.

(d) For every i € Z, set rO = {(d e)|de A, ee Aﬁs}

)

(e) For every i, j € Z and concept name Ay, setA b= {d |ldeAS,jeZ 3,i+j gb}

(f) Foreveryi,j € Z,a € Ni(p), and r € N, set ra = {( dj,ej) | de A,jeZ (at,e) e rz”f}.

Items (a)—(c) ensure that, for each i € Z, 3’ contains a copy of interpretation J shifted by i
time units; for instance, if e € AZ5, then, by definition, e, € AT es € AT, ey € AT, e3 € AT,
etc. This yields J’,0 |= OO 7T, because the remaining items refer to names that do not occur
in 7. Additionally, all domain elements encode the timeline of the assertions, where again each d;
represents the assertions that are to be satisfied shifted by i time points. The GCI T C 3ry.A, can
thus be satisfied at every time point, which is established by Items (d) and (e). Finally, given the
semantics of LTL';"“LC, Items (e) and (f) yield that the remaining axioms in 7" are also satisfied at
every time point, because no other item refers to the freshly introduced concept and role names.
Hence, we obtain 3’,0 | OO (7" A (T E 3r.Ay)). O

THEOREM 3.2. Satisfiability ofLTLb' Arc formulae can be polynomially reduced to satisfiability of
LTLEL"”LC formulae without assertions.

Proor. We show that ¢ is satisfiable iff ¢” A g4 A OO~ T is satisfiable.
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(=) Assume that ¢ is satisfiable, and let 3 = (A, (Z;)icz) be a model of ¢. We extend 3 to a
model J" = (A, (I])iez) of " A @4 AOO™T". To this end, for every i € Z, we extend Z; to Z; as
follows.

(1) For every X € Nc(¢) U Nr(p), set X%i == X7,

(2) For every introduced concept name A, set Aig = AV if 3,i = @, and otherwise Aﬁg = 0.

(3) For every r € Nr(¢p) and a € Ni(¢), set raI" = {(d, e)|de A, (a5e) € rI"}.
Note that r, again captures the r-successors of a, which are now reachable by all domain elements,
since the concept names A, encoding the assertional behaviour are now satisfied equally by all
domain elements, or by none. Since the interpretation of the names in Nc(¢) U Nr(¢) remains
unchanged, for every GCI C E D occurring in ¢ and i € Z, we have 3’,i F CE Diff 3,i | C C D.
Item (2) yields that, for all i € Z and assertions @ occurring in ¢, 3',i |= T = A, iff 3,i | «a.
Since 3, 0 |= ¢, a standard structural induction yields that 3’, 0 |= ¢’. We now consider any of the
formulae

oo ((cep) = A\ (Acw € Abw))
aeNi(¢)

in ¢ 4. Assume that 3’,i | C C D for any i € Z, and let a € Ni(¢). Since both Ac(,) and Ap(q)
are equivalent to either T or L in 7/, the only interesting case is where J’, i |= T = Ac(q)- By the
arguments above, we obtain J,i |= C E D as well as 3, i |= C(a), and hence 3, i |= D(a), which
again yields 3’,i |= T = Ap(q), and finally 3’,i |= Ac(q) E Ap(a).-

The remaining axioms in ¢ 4 of the form OO ((T = A,) V (L = A,)) are clearly also satisfied.
Finally, 37,0 |= OO 7" follows by comparing the axioms to the semantic conditions of LTLE’Z{'LC.

(&) Let 3 = (A, (Z;)icz) be a model of ¢’ A ¢4 A JO~T". We choose an arbitrary individual
d* € A® and adapt 3 to a model I’ = (AY, (I))iez) of ¢ as follows.

(1) AY = A3 U {d, fresh | a € Ni(p)}.
(2) For every a € Ni(¢), set a° = d,,.
(3) For every i € Z, A € N¢, and a € Ni(¢), set AZi == ATi U {da | d* € Ai(a)},

(4) Forevery i € Zand r € N¢, set r%i = 171 U{(d,, dp) | d* € Ar(ia,b)} U{(da,€) | (d*,e) € razi}*

Since 3,0 |= ¢4, all domain elements must agree on the concept names A,, and hence which d
we choose is irrelevant, and we can show similarly as in the proof of Lemma 3.1 that 3',i |= «
iff d* € A iff A7 = ASiff 3,i |= T = A,, for all relevant assertions . Since 3,0 |= ¢/, it only
remains to show that the same holds for GClIs, i.e., we have 3’,i |= CC D iff J,i |= C C D, and the
claim then follows by straightforward structural induction. Again as in the proof of Lemma 3.1,
C%i n A = C%i can be shown for all concepts C. Hence, if 3/, i |= C C D, then we immediately
have 3J,i |= C C D. On the other hand, if 3, i = C £ D, then because of 3,0 |= ¢ 4 the GCI is also
satisfied on the new domain elements. O

THEOREM 3.4. Every LTL?;‘OZC formula can be translated in polynomial time into an equisatisfiable
LTL 4c¢ formula.

Proor. We first describe the reduction of temporal concepts. As already mentioned, the basic
idea [38] is to use a counter to determine the distance to the nearest time point that makes a concept
of the form CUj, 1D true (i.e., it satisfies D, and C is satisfied at all time points in between). This
counter is initialised whenever D is satisfied, counts (backwards in time) from 0 up to ¢ + 1 as long
as C is satisfied, and then stays at ¢ + 1. The concept C U] (D is satisfied iff the counter value is < c.
The counter is represented by fresh concept names, one for each bit in the binary representation,
of which there are polynomially many. This suffices since, for each individual and each time point,
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there is a unique nearest time point satisfying D, which uniquely determines the counter value. For
a concept of the form CU| «)D, we can use a similar counter, which however counts the distance to
the furthest occurrence of D that makes C U oD true. Then, CU| D is satisfied iff the counter
value is > c. The idea for C Sjg ;D and C Sj¢,o)D is the same, but the counter is increased in the
other direction of the timeline.

More formally, let ¢ be an LTL(J);‘OZC formula. For each subconcept of the form F = CU;D or
F = C&;D occurring in ¢, where I is either [0, c] or [¢, ), we introduce fresh concept names

Ag, ey AIZF, where {F = [log(c + 1)] — 1. Then, concepts such as (AF < ¢) are used to compare the
counter value represented by the concept names Af to the value of ¢. More precisely, we define the
following abbreviations, where for any d € [0,...,2¢F) and 0 < i < {r, we have that d; denotes the
i-th bit of the binary representation of d.
(AF=d) =% TE R (A<= R
—A;  otherwise 1 otherwise
r tr lF
(AT =d) =[](A] =d) (aF <d) = | ||(Af <d)n [] (Af =)
i=0 i=0 j=i+l

(AFf <d) = (AF =d)u(Af <d) (AF>d)==(AF <d) (A 2d):=-(AF <d)

To express that the counter value is decremented along the temporal dimension, we use the concept

{F i—-1
- =[|(Mowy
Jj=0

i=0
which flips the i-th bit of AF iff all lower bits at the next time point are set. We now define a
recursive transformation -* on LTL?;(Z’C concepts as follows.

i

o ((0Af) & (~af))

A"=A forallAe NcU{T} (=C)" = =C*
@r.C)* == 3r.C* (CAD) = C*ND*
(OC)" = C” OO =07C"

(CUj.D)* = (CUD*) M (ACH0aIP < ¢)  (CUje,o)D)* = (C'UD™) 11 (ASHieP > ¢)
(CSj0.D)" = (C*SD*) 11 (AC¥0aP < ¢} (CSje.D)" = (C*SD*) 1 (ACSlewD > ¢)
The concepts C*UD* and C*SD* ensure that the counter value is well-defined, i.e., that there
actually exists a future or past time point that satisfies D and C is satisfied in the meantime. Finally,
we obtain ¢* from ¢ by replacing every concept C by C*.
To describe the behaviour of the counter, we use the global GCI T C Bg M Bf M Bg , where for
F = CUjo,|D, the three concepts are defined as follows.
Bf =D" & (AF =0)
B = (C*n-D"NO(A" <¢)) —» (AF—-)
By = (C*n-D'NO(A " =c+1)) » (A" =c+1)
These concepts express that the counter A is reset to 0 whenever we encounter D (enforced
by Bg ), it is increased (backwards in time) up to ¢ + 1 as long as C remains satisfied (Bf ), and it then
remains at ¢ + 1 until we encounter a previous occurrence of D, or C is not satisfied anymore (Bg ).

We thus formalise the intuition described in the beginning of this proof, that is, that the counter A"
represents the (unique) amount of time that has to elapse until the nearest occurrence of D such
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that C is satisfied in the meantime. Thus, instead of F = C Uy |D, we can thus equivalently use
the concept F* = (C*UD*) N (AF < ¢), which checks whether the counter value does not exceed c.
For F = C §j,¢]D, we define Bg , Bf and BZF accordingly, where we replace each O with O~ (also
within (Af—-)).
For F = CUj¢,00)D, we define
By = (D* M O~(C'UD")) & (AF =0),
B = (C*nO(AF <¢)) - (AT —),
Bl = (C"no(Af =c+1)) - (AF =c+1).
The differences to the previous case are that the counter is only reset to 0 at the last possible D,
i.e., whenever CUD does not hold afterwards, and that the counter is increased regardless of D.
This again reflects the intuition described above, that A" marks the distance to the last possible
occurrence of D that makes F true. Intermediate occurrences of D can simply be ignored, as long
as C remains satisfied. Again, for F = C S[¢,c}D, we have the same definitions only with O replaced
by O and U replaced by S.
It is easy to check that ¢ is satisfiable iff o* A A OO (T C Bg M Bf M Bg) is satisfiable, where F
ranges over all U/- and S-concepts in ¢ that are not already of the form CUD or CSD.
To simulate U- and S-formulae i in ¢, we use a very similar construction, where we replace
concepts by formulae, i.e.,
we define the translation -* similarly on formulae,
instead of concept names we have axioms,
instead of M we use A,

instead of Af we use the assertion All./' (a), where a is a fresh individual name,
instead of T C B{ M Bf M BY we use B:)p A Bll// A Blzp.
Overall, this yields an LTL 4 ¢ formula of polynomial size that is satisfiable iff ¢ is satisfiable.

To apply this construction to sublogics of LTL?AOZC, observe that we only introduce global
GClIs, and hence satisfiability in LTL?:Z clgoer €an be polynomially reduced to satisfiability in
LTL 4zc|gccr- Moreover, the reduction is not affected by the rigidity of the used names, and temporal
operators on the concept level are only used in the translation if they are present in ¢. O

To prove Lemma 3.5, we first show the following basic result.

LEMMA A.1. AnLTLbIn

iz formula ¢ without assertions is satisfiable iff there is a quasimodel for ¢.

Proor. (=) Given an interpretation 3 = (A, (Z;);ez) such that 3, 0 |= ¢, we define quasistates
S(i) for all i € Z and a corresponding set R of runs as follows:

S(i) = {tr,(e) | e € ANy U {{y e cl'(9) | Z; = ¥}},
R = {(tr,(e))iez | e € AV},

where t7,(e) := {C € cl°(p) | e € CTi}. Taking the above definitions into account, it can be readily
checked that every S(i) indeed represents a quasistate, R is a set of runs, and (S, R) is a quasimodel
for ¢.

(&) Let (S, R) be a quasimodel for ¢. Let I = (A¥, (Z;);cz) be an LTLE’Z&C interpretation, where

A ={d |reRisa concept run},
Al = {d, | A er(i), r e R},
st = {(d,,d,) | 3s.C € r(i),C € r'(i), {=E | =3s.E € r(i)} C r'(i)}.
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By structural induction and based on the shape of quasistates and runs in quasimodels, it is easy to
show that, for all runs r € R, concepts C € cl°(p), and i € Z, we have C € r(i) iff d, € Ci. Using
the above conditions for quasistates and runs, M2, M3, and structural induction on formulae, one
can show that, foralli € Zand ¢ € clf(<p), it holds that 3,i |= ¥ iff ¥ € tg(;), where tg(; is the
formula type in S(i). Hence, by M1, 3,0 |= ¢. O

LEMMA 3.5. An LTLbin

iz formula ¢ is satisfiable iff it has a quasimodel (S,R) in which S is of the
form

“(S(=k1)...S(=kz = 1)) S(=k2) ... S(0) ... S(ks) (S(ks + 1) ... S(ks))“,
where k1, k;, ks and ky are bounded double exponentially in the size of ¢.

Proor. There can be at most exponentially many types for ¢, and consequently at most double
exponentially many quasistates. One can use an argument similar to the one that has been used
for monodic first-order temporal logic, Q7T Lym [30, Theorem 11.30]. Since here we deal with the
timeline Z, the regularity needs to be present in both directions, which can easily be proven as in
the proof of QT Ly, except that we need to apply the argument in both directions. O

LEMMA 3.6. An LTLE&C@GCI formula OO~ T is satisfiable iff it has a constant quasimodel.

Proor. We consider the non-trivial direction (=). Assume that there exists a quasimodel (S, R)
for OO~7. We modify S(n) by adding to S(n) all concept types in S(i), for all i € Z with i # n. We
also add to R all runs in

{r~"| r € R a concept run, i € Z},

where r~!(n) := r(n+ i) for all r € R and n € Z. That is, now S is a sequence with only one set of
types. Since we had a single formula type in (S, R), by the definition of quasimodels and the fact
that the formula is of the form OO 7, this set is in fact a quasistate satisfying Conditions S1-S3.
We modify R by adding runs which are the result of shifting the runs in R. This does not change
the fact that they satisfy Conditions R1-R4. Finally, one easily checks that our modified (S, R)
satisfies Conditions M1-M3 and thus is a constant quasimodel for OO~ 7. O

To prove Theorem 3.7, we need to show that satisfiability of LTL 4,¢ and LTLZ{"‘C clgGer formulae
is ExpSPACE-complete (Lemmas A.2 and A.5); and satisfiability of LTL 4 £¢|46cr formulae is ExpTIME-
complete (Lemma A.5). By Theorems 3.2 and 3.1, we can assume w.l.o.g. that formulae do not
contain assertions.

LeEMMA A.2. Satisfiability in LTL gcc is EXPSPACE-complete.

Proor. The ExpSpacke lower bound follows from known results [30, 39], since without past
operators a formula is satisfiable over N iff it is satisfiable over Z. We prove the upper bound.
By Lemma 3.5, we only need to check for the existence of a regular quasimodel. We can use an
NExPSPACE algorithm like the one for Q7 Ly [30, Theorem 11.30], adapted so that it checks for
the existence of a quasimodel which is regular in both directions. O

We now describe a decision procedure for checking satisfiability of LTLE\“LC formulae of the
form OO 7, i.e., for detecting the existence of a constant quasimodel (cf. Lemma 3.6): first we find
a single quasistate Q that satisfies M1 and then determine whether, for every concept type ¢t € Q,
there exists a run r: Z — Q, thus verifying Condition M3. Condition M2 is satisfied trivially. The
next lemmas show that this can be decided using only exponential space, only exponential time
when we restrict 7 to LTL 4.¢.
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LEmMMA A.3. Let Q be a quasistate for JO~T andt € Q. Then there exists arunr: Z — Q with
r(0) = t iff there exists such a run of the following form:

O(r(=k1) ... r(=ky = 1)) r(=ka) ... 7(0) . . . r(ks) (r(ks + 1) ... 7(kq))“,

where k1, k2, ks and ky are double exponentially bounded in the size of OO~ T . Moreover, if 00T
contains only LTL grc concepts, then ky, ks, ks and ky are single exponentially bounded.

Proor. The argument is based on the argument for PSpAcE-membership of satisfiability of
propositional LTL formulae [45]. We are going to use the following claim.

Cram. Ifrisarunr: Z — Q such that s+l = plt.t+lr] forsomes,t € N withs < t, where {1
is the largest number occurring in any interval in T (or {7 = 1 if no number occurs), thenr’ = r=s.r>!
is also a run.

Proor oF THE CLAIM. We show that r’ satisfies Conditions R1-R4. Conditions R1 and R2 focus
on concepts of the form OC and O~ C and, especially regarding r’(s) and r’(s + 1), they hold by the
fact that r(s + 1) = r(¢ + 1). Concerning Condition R3, which regards concepts of the form CU;D,
we distinguish between whether I is of the form [c1, ¢;] or [¢1, ). In the first case, we note that,
since ¢, < {7 any concept of this form that occurs before r(s) in r has to be realised in r=5*¢7 and
since rls-s+¢71 = plt.1+67] it ig also realised in r’. For concepts of the form C U, D, if they occur
before r(s) and are realised after r(s + £7), then we have CUjc, «)D € (s + 1) = r(t + £7), which
means that they are realised again after r(t + {7), and consequently also in ’. The argument for
Condition R4 is accordingly. O

By the claim, we can eliminate any repetition of a sequence of length {7 in a run. Now, let r be
any run and 0 < k; < k; be two integers such that riks=tr.ksl = plki=tr.kl and

for every CUD € r(k;), there is i € [k3, k;] such that D € r(i) and C € r(j) for all j € [k;,i]. (%)
It already follows that the infinite sequence
cor(0) . r(kS) (r(ks + 1) ... r(kp))©

is also a run. By Claim, we can remove any repeating sequences of length £7 from r1®: and r
such that () does not get invalidated. Denote the resulting sequence by r” and the resulting new
integers by ks and ky (as in the statement of the lemma). We give upper bounds on k3 and k4. First,
r’1%ks] contains no sequence of length £ twice, and since the number of types is bounded by 2!¢!,
we obtain k3 < 2!¢!"7 which is a double exponential bound on ¢ (assuming binary encoding

for £7), and a single exponential bound if {7 = 1, which is the case if ¢ contains only LTL 4.¢
lin=C7,ix] riz=Cr,iz]

0,k (k3. k4]

concepts. Now consider k4. For any iy, iz € [ks, k4], such that i; < iy and r
there must exist some CUD € r’(ks3) such that, for some j € [iy, i2], D € r’(j), since otherwise, we
could have applied Claim on r/l1=¢7it] = p/l=670] ithout invalidating (+). As there are at most

|| different concepts of the form CU;D in ¢, it follows that every subsequence of ' of length £
rlks =7 ks

=r

can be repeated at most || times in r I As there are at most 2/¢! different possible types
and at most 2!¢1'7 different type sequences of this length, it follows that k, < ks + 2!¢!"7 . ||,
and thus ky is also double exponentially bounded in |¢|, and single exponentially bounded if ¢ is in
LTL 4c. It follows that there exists a run of the following form through t:

L P(0) . (Rs) (P s + 1) . (ke))

where ks and k4 are double exponentially bounded, and single exponentially bounded if OO~7
contains only LTL 4 ¢ concepts. We can apply the same argument regarding C S;D and on the
subsequence r(~°%! to show that there is also a run which is regular in both directions, and of the
shape required by the lemma. O
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LEMMA A.4. Given a quasistate Q for OO~ T andt € Q, it can be decided in exponential space w.r.t.
the size of T whether there exists a runr : Z — Q such that r(0) = t. If T contains only LTL s.¢
concepts, it can be decided in exponential time in the size of T .

Proor. By Lemma A.3, it suffices to determine the existence of such a run of the form
(r(=ki)...r(=ky = 1)) r(=kz) ... 7(0)...r(ks) (r(ks + 1)... r(k4))w
with ki, k2, ks and k4 double exponentially bounded in the size of 7.

We verify the existence of this run by considering both directions from r(0), first showing
the existence of a sequence r(0). .. r(ks) (r(ks + 1). .. r(k4))w, and afterwards the existence of a
sequence ©(r(=ki)...r(=kz—1)) r(=kz) ... r(0). In order to verify in non-deterministic exponential
space the existence of the path r(0)...r(ks) (r(ks + 1)... r(k4))w, we first guess the numbers k3
and k4, which both can be stored in exponential space, and then each type r(i), one after the other,
keeping a window of £7 consecutive types in memory at each point, where {7 is the maximal
number occurring in 7, and verifying Conditions R1-R4 in each step. When we reach the window
rlks=t7.ks1 e additionally store it in memory, so that we can verify rlks=(7-ksl = plka=trkil gfter
we have reached the last window.

For temporal concepts of the form OC and O™C, CU, ¢,|D and C S|, ¢,|D, our window size is
sufficient for determining if Conditions R1-R4 are satisfied. For concepts of the form C S, «)D,
we just verify that C Sjo «)D is present c; types before, and that every C Sjg,.)D is preceded by
either D or C Sjp,)D. (Whether these S-expressions are eventually realised by an occurrence of the
concept D in the past is checked when we verify the run in the other direction.) Concepts of the form
CU[c,0)D are kept in memory until they are realised. In addition, we verify that every concept of the
form CUj¢,c0)D € r(ks) is realised before we reach r(k,), thus ensuring that any of these concepts in
r(ky) can be realised in the repetition of the sequence (r(ks +1). .. r(k4))w. Note that, in each step,
we only need to store an exponential amount of information. Therefore, this approach can be imple-
mented by a non-deterministic exponentially-space bounded Turing machine. In a similar manner,
but treating S as U and vice versa, we can show that, starting from the initial window rl0ksl we can
find a regular sequence into the past of the form © (r(—k;) ...r(—=k; — 1)) r(=kz) ... 7(0) . .. r(ks3) so
that the whole procedure runs in exponential space.

If 7 contains only LTL 4 ¢ concepts, then, by Lemma A.3, ki, ks, k3 and k4 can be bounded single
exponentially in the size of OO 7. Furthermore, ¢7 is 1, and thus instead of sequences of types
we need to keep in memory only three single types (the current type, the next type, and the first
repeating types r(ks + 1) and r(—k, — 1)), each of which is of polynomial size. Finally, checking
that the types we guess belong to the exponentially large quasistate Q can be done in exponential
time, and hence the whole procedure runs in exponential time. O
bin

LEmMMA A.5. Satisfiability is ExpSPACE-complete in LTLALC|gGCI'

inLTL accigGer-

Moreover, it is ExpTIME-complete

Proo¥. The first lower bound follows from the fact that satisfiability of propositional LTLP™
formulae over the integers is already ExPSPACE-complete [29], while the second lower bound
follows from the complexity of ALC TBox satisfiability [43]. The upper bounds are established by
the following procedure. Let 007 be an LTLTLCWGCI formula. Since we only need to verify the
existence of a constant quasimodel, it suffices to construct a single quasistate, which we do by type
elimination. For this, we start with the set of all possible concept types, from which we step-by-step
remove those that do not satisfy the conditions for the quasistate in a constant quasimodel. It is
easy to verify that, for each concept type, this can be decided deterministically, and that for all but

Condition M3, we only have to check the remaining other concept types in the current set. For
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Condition M3, we have to check that for every concept type ¢ in the current quasistate Q, there is
a run over Q that goes through t. By Lemma A 4, this can be verified in exponential space, and
in exponential time provided that 7 contains only LTL 4,¢ concepts. We thus obtain the desired
complexity bounds. O

B PROOFS FOR SECTION 4

LEmMMA 4.2. In the presence of interval-rigid names, sat_isﬁability ofLTLE’j‘"ﬁC formulae (with global
GClIs) can be polynomially reduced to satisfiability ofLTLl;'&C formulae (with global GCIs and) without
assertions.

Proor. We can use the same constructions as for Theorems 3.1 and 3.2, provided that we make
the new concept names Ap(,) interval-rigid whenever B € N¢ is (with iRig(Ap()) := iRig(B)), and
similarly for A, p), e and r € N (with iRig(A,5) = iRig(ra) = iRig(r)). All interpretations
constructed in the respective proofs then respect all interval-rigid names. O

To prove Lemma 4.3, we first show that the existence of quasimodels completely captures

satisfiability of LTLZilnLC formulae.

; LEmmA B.1. An LTLIJ’j‘"Ec formula ¢ is satisfiable with interval-rigid names iff there is a quasimodel
or @.

PROOF. (=) Assume there is a model I = (A%, (Z;);cz) of ¢ that respects interval-rigid names.
We associate a concept run ry to every domain element d € A by setting

ra(i) == {C € cI(p) | d € CTi}.

We define the formula run r5 by r5(i) == {¢ € clf(p) | 3,i = ¢} for all i € Z. We now set
R = {ry | d € A’} U {ry}, and define the infinite sequence of quasistates S(i), i € Z, as follows.
For i € Z, the set Rg(;) contains all run segments rlizCo-i+lo] with r € R. Furthermore, Cs(i) is the
set of role constraints ¢ { ¢’, such that o = ro[;_g“”lw"’], o = r[l,_g“”l#"’] and k € [1,iRig(s)]. It
is straightforward to show that (S, R) is a quasimodel. In particular, the maximal compatibility
relations 77;, i € Z, contain the pairs (rli=Co-i+lol pli+1=Co.i¥1+o]) with r € R,
(&) Assume there is a quasimodel (S,R) for ¢. We define the temporal DL interpretation

I = (A°,(Z;)iez) as follows.

A ={d |reRisa concept run}

Al = {d, | Aer(i), r e R}

sT = {(dy,dy) | PVl Tt g Ul ol € 5(j), i = j e [0, iRig(s), .1’ € R}
By referring to the role constraint rl/=te-/+lel § p/li=Co.i+Co] which may lie in the past of time
point i, we make sure that we always connect the domain elements for the same two runs for iRig(s)
consecutive time points, and do not use a different pair of runs for every time point. To see that I
respects interval-rigid names, consider any (d,, d,) € sZ¢. There must be a j with i — j € [0, iRig(s))
and rlU=Clei+lel § pli=ly.j+lel ¢ §(j). But then (d,,d,) € s%¢ for all £ € [j,j + iRig(s)), and this

interval includes i.
To show that J is also a model of ¢, we prove the following claim.

CraM. For all concept runsr € R, C € cl°(p) and i € Z, we have

Cer(i) iff d,ecCh.
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PRrROOF OF THE cLAIM. We argue by structural induction. If C is a concept name, then the claim
holds by construction. Moreover, the cases C = =D and C = D 11 E are straightforward. It remains
to consider 3, O, O~, Uz, and S;.

e Assume C = 3s.D: if Is.D € r(i), then, by M2 and S2, there is a run segment ¢ € Rg(;
such that rli-le-*lel £ 5 ¢ Csiiy» D € 0(0), and k € [1,iRig(s)]. By repeated applica-
tion of M2, C3, and C5, we can find another run segment ¢’ € Rgi—(x-1)) such that
plik=D=lo.i=k=D+lp] 5 57 € Cg_(r-1)) and 0’2K"1 = g=le=(k=1) By M3, there must be
arunr’ € R such that p/li=k=D=lo.i=(k=D+ly] — 57 and D € r'(i). By the induction hypothesis
and the definition of s7¢, we obtain d» € D% and (d,, d,) € s¢, and hence d, € (3s.D)*:.
Conversely, if d, € (3s.D)”, then there is r’ € R such that (d,,d,) € s’ and d,, € D%. By
the induction hypothesis and the definition of sZ¢, we have D € r’(i) and furthermore also
rli=Co:+lol § p/li=Losi*le] € Cg;) for some j with i — j € [0, iRig(s)). By repeated application
of C3 and C4, we obtain a role constraint rli=fe-i+%y] i—j+10’, where 0’ € Ry is such that
o' Sitle=i = pli=ly.j+ly] Hence, we have D € r'(i) = ¢/(0), and thus 3s.D € r(i) by C1.

e Assume C = OD: we have that OD € r(i) iff D € r(i + 1) (by R1) iff d, € D%+ (by induction)
iff d, € (OD)*:.

e Assume C = O~D: we have that O™D € r(i) iff D € r(i — 1) (by R2) iff d, € D (by
induction) iff d, € (O~ D)%:.

e Assume C = DU;E: we have that DU;E € r(i) iff there is j such that j —i € I, E € r(j) and
D € r(¢) for all £ € [i,j) (by R3 and R5); by induction, this happens iff d, € E% and d, € D%
for all £ € [i, j), which is equivalent to d, € (DU;E)*:.

e Assume C = D S;E: we have that D S;E € r(i) iff there is j such thati — j € I, E € r(j) and
D € r(¢) for all ¢ € (j, i] (by R4 and R6); by induction, this happens iff d, € EZ and d, € D%
for all £ € (j, i], which is equivalent to d, € (D S;E)*:.

Using S3 and similar arguments as above, we can now show that 3,i |= ¢ iff € rx(i) for all
Y e clf((p), where r5 is the unique formula run in ‘R. Hence, by M1, we obtain that 3, 0 |= ¢. O

This concludes the proof of Lemma B.1. O
Before we show Lemma 4.3, we prove the following two auxiliary results.

LemMA B.2. Let (S,R) be a quasimodel for ¢ such that S(n) = S(m) forn < m. Then (S’,R”) with
S’ = 8=".S$>™ and

<
Ro={r"-r," | r,rneR r

[n=lp.n+ly]  [m—Cy,m+l,]
1 1 r }

=7
is also a quasimodel for ¢.

Proor. We show that (S’,R’) satisfies Conditions M1-M3. First note that, since (S,R) is a
quasimodel for ¢, (S’,R’) satisfies M1. Also, for any ry,r; € R with r{"_f“”nw*”] = rgm_é)‘”’m[“’],

r&™ - r;™ is also a run. Consequently, R’ is a set of runs. Since S(n) = S(m), for every r; € R there

1
Lpon+l ~Cpm+, . .
is arun r, € R that satisfies rln ol r[m 4] and vice versa (by swapping n and m). It

follows that (S’, R’) satisfies M3. Finally, as S(n) S(m), the pair (S(n), S(m + 1)) is compatible, and

n—{gy,n+t m—LC,,m+C,
since we require r{ el = g “’], we have M2 for (S”,R’). O

In the following, let §,, denote the size of the (double exponential) set of all possible run segments
and role constraints for ¢.

LeMMA B.3. Formula ¢ has a quasimodel iff there is a sequence of quasistates

S(=ky) ... S(=ks — 1) S(=kz) ... S(0) ... S(ks) S(ks + 1).. .. S(ks)
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such that

o kika ks ks < (o] - 2 + 1) - 2%,

e foralli € [—ky, kq), the pair (S(i), S(i+1)) is compatible, with 7r; being the maximal compatibility
relation witnessing this (cf. C2-C5);

L] S(—kl) = S(—kz) and S(kg) = S(k4),

o 5(0) satisfies M1;

e for every o1 € Rgk,), there is a sequence r = 01(0) 02(0). .. 0k,—,(0) that realises all U-
expressions in 01(0) such that (0;, 6i11) € 7g,4; for alli € [0, ky — k3);

o for every oy € Rg(—k,), there is a sequence r = oy, _,(0)...02(0) 01(0) that realises all S-
expressions in 01(0) such that (0,41, 0;) € m_k,—; for alli € [0,k; — k).

ProoF. (=) Let (S, R) be a quasimodel for ¢. Observe that the number of possible quasistates is
bounded by 2#¢. We can assume w.Lo.g. that there are some ky, k3 < 2#¢ such that all quasistates in
S=k2 and $§2k occur infinitely often. If this is not the case, we can simply take k; as the minimal
number such that S(m) # S(k;) holds for all m < kj;, and use Lemma B.2 to remove repeating
quasistates in S[7%:%_ For the right side of the sequence, we can similarly take k3 as the maximal
number such that S(m) # S(ks) holds for all m > ks, and use Lemma B.2 to remove repeating
quasistates in §1%ks],

Consider now an arbitrary alU;ff € o(0) for some 6 € Rg,), and take any r € R with
rlks=Coks+lo] = & which must exist by M3. Let m” > ks be the minimal number such that plks.ks+m’]
realises a U 5. Assume now that there are i, j such that k3 < i < j < m’, rli=Ceitly] = pli=le.j+ly]
and S(i) = S(j). By Lemma B.2, there is a quasimodel (S’,R’) for ¢ such that S’ = S< - $>/ and
r=<t.r>Jisarunin R’. It follows that we can construct a quasimodel (S;, R, ) for ¢ with kaS = §=ks

k3—€(p,k3+{,’(p]

and a run r; € R; such that r{ = 0 € Rs(ky) = Rs(ky) and aUp is realised by the

[k3,k3+my

subsequence r ], for some m; < 4, - 2% (2% is the number of possibilities for S(i), and §,, is

1
the number of possibilities for rlii*¢el),
Then, we consider the next expression of the form o’ Uy’ € 0(0) and assume that rl[ks’k3+m I

realises it for some minimal m”" > m;. Using the same construction as above, we obtain a quasimodel

. k3—Cyp,k3+C,
(S2,M2) for ¢ with S;k3+m1 = ka3+m1 and a run ry, € R, such that r£ s=lo-kstly]

r£k3’k3+m2] realises both a U;f and o’ Uy ', for some my < 2- 4, - 2% We can proceed in this way
and construct a quasimodel containing a run through o that realises all Z/-expressions in ¢(0) after
at most || - §f,, - 2% steps.

After that, we consider in the same manner another run segment ¢’ € Rg(x,). To realise all

=0 € RS(k3) and

U-expressions in some run through ¢/, we need at most |¢| - §,, - 2% additional steps. Since there
are at most #§, run segments in Rg(x,), We require at most |¢| - ﬂfa - 2% steps to realise all until-
expressions in all run segments in Rg,). We now take another 2%+ steps to find a time point
ks < (lo| - ﬂfp + 1) - 2% such that $*(k;) = S*(k,) in the resulting quasimodel (§*, R*) (since we
assumed that S(k3) occurs infinitely often). By our construction, all /-expressions in S*(k3) can be
realised by runs through $*!%*-%], With a similar argument we can modify the quasimodel (S*, R*) so
that all S-expressions in S*(—k;) realised by runs through S* ==kl for some k; < (|¢| ﬁfa +1)-2f
Hence, the sequence $*7%-k1] satisfies all conditions required by the lemma.

(&) Letnow S*(=ky)...S*(—ky—1)S*(=ks) ... 5"(0)...S"(k3) S*(ks + 1) ...5"(ky) be a sequence
with the given properties. We construct a quasimodel (S, R) for ¢, where S is defined by

S =9(S"(=ky)...S"(=kp — 1)) S*(=kz) ... S*(0). .. S"(ks) (S"(ks +1) ... S" (k).
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and R contains all sequences of types of the form
e 0__131(0) e 0_‘,32_1(0) .
04, (0)... .07, _1(0)-
O'Ekl(()) . asz_l(o) . O'Ekz(()) . 0'8(0) . 0,83(0) . a£3+1(0) . 0',24(0) .
0'113+1(0) . 0';4(0) .

0p1(0). .. ap (0)- ...,

where each alJ is an element of $*(i), each pair of adjacent run segments in this sequence is contained
in the corresponding compatibility relation (for 01{4 and O"/i::1 we consider n,, and for cri ;21_1
and Ji K, Ve consider 7_g, ), and there are infinitely many j > 1 for which o]];l(O) 0]{3 L0 024(0)
realises all {/-expressions in oi:l(o), and infinitely many —j < —1 for which all S-expressions
in ofilﬂ(o) are realised by O':I{I 0)... ofiz_l(o) G:LH(O).

Due to C3, for all r € R, each subsequence of length £, + 1 is a run segment from one of
the sets S*(i). To show that r is a run, we verify Condition R5. But this follows from the local
Condition R3, which states that each I{-expression is either satisfied by the next ¢, typesinr,
or it is deferred; an analogous argument holds for S-expressions. If they are deferred, then our
construction ensures that /- and S-expressions are not deferred indefinitely.

It remains to show that (S, R) satisfies Conditions M1-M2. Condition M2 is immediately satisfied
by our construction of R. Condition M1 only concerns S(0), and is also satisfied since S(0) = $*(0)
by construction. For Condition M3, for every i € Z and ¢ € S(i), we need to find a run r € R with
rlizlo.i+le] = 5 By C2 and C3, we can extend o to the left and to the right. When we extend to
the right direction, we need to make sure that, whenever we reach a ¢’ € 5*(k4), we continue it in
such a way that all I/-expressions in ¢’ are realised by the next k4 — k3 types; and similarly for the
left direction, where we check whether the S-expressions are realised. Note that the resulting run

is contained in our set R of runs by construction. This is always possible by our assumptions on
the sequence S*(—k1)...S"(—kz — 1) S*(=kz) ... S*(0) ... S*(ks) S*(ks + 1) ...S*(ka). o

One side result of the constructions in the above proof is that, for a satisfiable formula, we can
always find a regular quasimodel.

COROLLARY B.4. If ¢ has a quasimodel, then it has a quasimodel (S, R) in which S is of the form
“(S(=k1)...S(=kz = 1)) S(=k2) ... S(0) ... S(ks) (S(ks + 1) ... S(ka))”,
such that ky, ks, k3 and k4 are bounded triple exponentially in the size of ¢ and iRig|,.

Lemma 4.3 directly follows from Lemma B.1 and Corollary B.4. Based on this result, we can show
2-ExpSpAcE-completeness of satisfiability of LTL';{“LC -formulae.

THEOREM 4.4. Satisfiability in LTLE‘”LC with interval-rigid names is 2-EXpSPACE-complete.

Proor. Since the lower bound follows from a known result [32] (with an adaptation to Z), we
only need to prove the upper bound. By Lemmas B.1 and B.3, it suffices to decide the existence
of a sequence of quasistates with certain properties. We show how the latter can be decided
non-deterministically in double exponential space by guessing such a sequence, quasistate after
quasistate. The basic observation is that storing a single quasistate requires at most double expo-
nential space, and that we only require a constant number of quasistates in memory at any point of
the computation.
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Since we deal with the timeline Z, we need to check the regularity conditions in both directions.
We explain how to check the conditions for the right side of the quasimodel. The conditions for the
left side are analogous. We first guess the four numbers &y, k;, k3 and k4 from Lemma B.3, which
can be stored using double exponentially many bits. We then guess and store the quasistate S(ks),
and for each o € Rgk,) we keep a list of U/-expressions that need to be satisfied, which initially
contains all a U € 0(0).

We now guess the first k3 quasistates S(i) one after another, so that Condition M1 is satisfied
for S(0), and each pair (S(i), S(i + 1)) of consecutive quasistates is compatible. For this, we only
need to keep two consecutive quasistates in memory at any point. We then guess the next ks — k3
quasistates as before, where we additionally test whether there are runs satisfying all required
U-expressions. For this, it suffices to guess which run segment of the next quasistate corresponds
to a run starting with o; this, of course, has to be compatible with the run segment guessed for the
previous quasistate. We remove any U-expression from our list that is satisfied by this guessed
run segment, and require that all {/-expressions must have been removed when we reach S(ky).
This can be done in double exponential space. Finally, after we have guessed S(k,), we verify that
S(k4) = S(k3). The procedure to check the conditions on the left side is similar, but we check whether
the S-expressions are satisfied when we go from the quasistate S(—k,) to the quasistate S(—k;). By
Lemmas B.1 and B.3, our algorithm is sound and complete. Since at each step, we only require double
exponential space, we thus establish that satisfiability of LTLE’L{“LC formulae with interval-rigid
names is in 2-EXPSPACE. O

TueOREM 4.7. Satisfiability in LTL 4cc|gcer with interval-rigid names is 2-ExpTiMe-hard.

Proor. We consider the reduction used for the sublogic ALC-LTL of LTL 4.¢ [20, Lemma 4.2],
and observe that the rigid concept and role names used in that reduction need to stay rigid only
from time point 0 to time point 2¥ — 1, where k is polynomial in the size of the original problem.
Since 2¥ can be written using polynomially many bits, we can designate these names to be 2*-rigid.
However, we also need to do this for all negations of the rigid concept names A to ensure that if A is
implied to hold at a domain element d at some point in the interval [0, ok — 1], then this information
is also propagated backwards in time, i.e., d satisfies A also at time point 0. One can make —A
2k-rigid by introducing a fresh 2*-rigid concept name A’ and adding the global GCI A’ = -A to
the formula. This is not needed for the single rigid role r used in the proof, since all necessary
r-connections are already implied at time point 0.

The main structure used in the proof is a tree whose root is described by the individual name a
and whose edges are described by the rigid role r. This role connects all domain elements relevant
for the reduction. All these r-connections are already declared at time point 0, but to ensure that
they are present throughout the whole time interval [0, 2K — 1], we further need to encode that
none of these r-connections can exist at time point —1. Since we are only interested in the domain
elements reachable via r from a, we can use r to propagate a fresh concept name B to all relevant
domain elements via the assertion B(a) and the global GCI B E Vr.B, and then use the global GCI
OB C —3r.T to enforce that these r-connections do not exist at time point —1, and hence must
exist in the whole interval [0, 2k _ 1] since r is 2k-rigid. Similarly, we can express that the value
of a 2¥-rigid concept name A (where —A is also 2¥-rigid) must stay constant in [0, 2¥ — 1] via the
global GCIs OB E (=A) « (QA). O

C PROOFS FOR SECTION 5
THEOREM 5.4. Satisfiability in ALC-LTL with interval-rigid names is 2-EXpSPACE-hard.
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| Match © ¢ Match : : Match . : |
A=0, Tape A=1 - A=292"_1 A=0, Tape
. | Match |
I() I] Izn_l Izn

Fig. 3. A model of the ALC-LTL formula ¢ a4, (for simplicity, some symbols have been omitted).

Proor. The proof is by reduction from the word problem for double exponentially space bounded
DTMs. Let M = (Q, 2, T, ©, qo, F) be a DTM, where

e Q is a finite set of states,

e Y is the input alphabet,

e I' D ¥ is the work alphabet containing the blank symbol b ¢ %,
e ©: QXTI — QXTI x{l,r} is the transition function,

® qo is the initial state, and

e F C Q is the set of accepting states.

As usual, a configuration of M is a word wqw’ with w, w’ € T and q € Q, meaning that the tape
contains the word ww’, the machine is in state ¢ and the head is on the position of the left-most
symbol of w’. To reflect the space bounds of M, we assume that all configurations wgw’ satisfy
|lww’| < 22", where n = p(m) for inputs of length m and some fixed polynomial p. We further
assume w.l.o.g. that M does not attempt to move to the left (right) when the head is on the left-most
(right-most) tape position.

We construct an ALC-LTLC formula ¢, that is satisfiable with interval-rigid names iff M ac-
cepts w. Using Lemma 5.1, we can then transform ¢ v, into an equisatisfiable ALC-LTL formula of
polynomial size. For convenience, we also use assertions using the {/-operator, e.g., (AN (BUC))(a),
which can equivalently be expressed using the formula A(a) A (B(a) UC(a)). In all cases where we
use such expressions, it is easily verified that they are equivalent to some ALC-LTL formulae.

The general idea of the construction is as follows. We encode the sequence of configurations
along the timeline, where each configuration is represented by 2" - 22" successive time points. Each
tape cell is represented by 2" successive time points, in which the double exponential tape address
is stored and the first time point is marked with the concept Tape. To represent the tape address,
we use a binary counter to mark each time point with a bit position, and use a concept name Cgj; to
store the bit value of the tape address at this bit position. Using a 2" + 1-rigid role r and another
binary counter, we can link each bit position with the corresponding bit position for the next tape
cell, which is used to implement the double exponential counter for the tape addresses.

To transfer information between successive configurations, we additionally represent all different
tape addresses using a set of 22" designated domain elements which we call matcher objects. Each
matcher object stores its associated tape address using 2" r-successors for the different bit positions.
A concept Match is used to identify which matcher object is associated with the current tape
address. This way, we can use the matcher objects to transfer the information of each tape cell to
the next configuration (see Figure 3).

In the reduction, we use the following symbols:

e an individual name a for a domain element associated with the double exponential counter,
e a concept name Tape to mark tape cells,
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e a concept name Init to mark the beginning of a configuration,

e a concept name Head to mark the head position of a configuration,

e concept names C, and N, with o € I, to represent the symbol at the current tape cell and
the next tape cell to the right, respectively,

e concept names Cy and Ng, with g € Q’ := Q U {q}, to represent the states associated with
the current tape cell and the next tape cell to the right, respectively, where q expresses that
the head is at another tape position,

e concept names Ay, ..., A,_; to encode the binary representation of the bit positions of the
double exponential values of the tape addresses, where Ay encodes the least significant bit,

o the bit values of the current double exponential tape address are represented using a concept
name Cgjt,

e a 2" + 1-rigid concept name Npj; is used to encode the value of Cgj; in the corresponding bit
position of the next tape address,

e a concept name Cj, ., which we make rigid using the expressivity of ALC-LTL®, to store the
bit values for the matcher objects,

e a 2" + 1-rigid role r and concept names By, . . ., B, to transfer the truth values of Ng;; and Céit
exponentially far away (the 2" + 1-rigid role ensures that we can reach the same bit position
exponentially far way and encode a counter with exponentially many bits),

e a concept name Match, to mark matcher objects representing the current tape address, and

e concept names C;;, N; and Cp, Ny to mark the matcher objects with information about the
current state and next state for the associated tape cell.

We are now ready to start our construction. The formula ¢4, ., is defined as the conjunction of
a set of formulae which we describe one after the other.

We first describe how we implement the double exponential counter for the tape addresses. We
denote by (A = k) the polynomial-sized concept that identifies the value of the A-counter with
k, i.e., that refers to the k-th bit position of the double exponential counter. We implement the
behaviour of Tape and Ay, .. ., A, with

(T C Tape) A O(Tape = (A = 0)), (1)
A D(|—|Aj C (Ao Q—|Al~)), 2)
i<n Jj<i
/\ D( |_| ~A; (A& OAz'))- 3)
i<n - j<i

These axioms express that

e Tape is satisfied by all domain elements at time point 0, which also starts the A-counter at all
domain elements in a synchronised fashion;

e the A-counter is incremented in each time step, which also happens synchronously at all
domain elements (cf. the concepts (Af ——) in the proof of Theorem 3.4); and

e Tape is satisfied (by all domain elements) exactly after each 2" time points, namely every
time the A-counter overflows from 2" — 1 to 0.

Moreover, each time point stores the bit value of the bit position given by the A-counter, using the
concept name Cgj;. This information is shared by all domain elements:
D((T C Cgit) V (Cit E J—))

To transfer the value of Cgj; to the next time point where the current value of the A-counter reoccurs,
we use the 2" + 1-rigid role r and concept names By, . . ., B, to implement a fresh counter for each
bit position. To increment the B-counter, we include in our formulation of ¢ a4,,, conjuncts which
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are the result of replacing A; by B; and n by n + 1 in (2) and (3). Similar to our notation for the
A-counter, we denote by (B = k) the concept that expresses that the B-counter has the value k. We
now use

O(TC3r(B=0)AD3r.OB=0)LC L)
to ensure that

e at each time point, every element has an r-successor encoding the “start” of the B-counter,
and

e this r-connection “starts” to exist exactly when the B-counter starts (and exists for at least
2" + 1 and at most 2"*! time points afterwards).

This way, each domain element can distinguish between 2"*! different r-successors using their
B-counter value, which is later also used for the matcher objects. We use the formula

O((B =2") € Nait © Cgit) AO(Ngit MO(B=0)E L) AO(Ngix OB =2"+1)C 1)
to bring to the current time point the corresponding bit value in the next tape address. The following
formulae increment our double exponential counter:
D(Q(CgitZ/ITape) — Vr.((B=0) - (Cpit & ﬂNBit)))(a),
0(=O(Co UTape) — Vr.((B = 0) = (o < Noi) )(@).

Intuitively, these formulae express that the current bit is flipped iff all following bits are true (until
the next time point where Tape holds).

We now implement the matcher objects that are used to transfer information between succes-
sive configurations. Each matcher object has an associated address, the bit values of which are
represented using the concept C;,.., which is made rigid using the following formula:

Bit’
O(Cgie = OCyy)-
The different bits of the address are stored using 2" r-successors of the matcher object, which

are differentiated using their B-counter values. We make sure that the value of Cg;, is uniquely
determined by the B-counter value of an r-successor:

0(3r.(Che 11 (B = 0)) £ Vr. (B = 0) > Cy,) ).

The following formula now ensures that we have a matcher object for each tape address, and
that this domain element is marked with the concept Match if it corresponds to the current tape
address:

O-(Match C 1) A O(Match = O(Match LI Tape) 1 3r.((B = 0) M1 (Cait © Cg;,)))-

Since r is only 2" + 1-rigid, we have to make sure that the address remains associated to the
matcher object during successive configurations, which is done by the following formulae:

O(3r.((B =2") N Cpy) T 3r.((B = 0) M Cyyp)),
O(3r.((B =2") N =C;,) € Ir.((B = 0) M =Cgy,))-

After we have implemented the required tools, we can now describe the actual mechanism of
the Turing machine. We encode that all elements of the domain share the information about the
tape content and state in the time points marked with the concept name Tape:

O \/ (Tape CCy N |_| —'Cr),

o€l rel\{o}
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O \/ (Tape CCyM |_| —|Cp>.
qeQ’ peQ’\{q}
We use auxiliary concept names N,, N, to bring to the current tape cell the state and tape content

of the next tape cell. In addition, we check, using the concept name Init, whether we have reached
the end of the tape, i.e., if the next tape cell is the beginning of the next configuration:

D((Tape M N,) & O(-Tapel(Tape M C, M —dnit)))(a),
D((Tape M Ng) & O(~TapeU(Tape M Cq M —dnit)))(a).

We also have concept names C,, C/. and NIQ, N/, which are used by the matcher objects to carry
information to the next configuration. Whenever there is a match, we synchronise the state and
tape content of the corresponding matcher object with the information of the current tape cell. For
this, we use the axioms

O(TapeMMatchC Y & Y'), 4)

where Y ranges over S := {N;,Cs | 0 € T} U {Ny, Cq | g € Q'}. We made sure that these concept
names are always satisfied by all or none of the domain elements in the current time point, so that
the matcher object satisfying Match has access to this information.

This concludes the main technical setup of our reduction. We now encode the transitions in © as
follows.

For ®(q, o) = (p, 7, 1): O(Tape 1 Match 1 N(; NN, C O(C['7 MNy)).
For O(q, o) = (p, 7, 1): O(Tape M Match 1 C;, N C, & O(N, M Cy)).
Forgand o € I': O(Tape M Match M CZ N C; £ OC;).

The matcher object for the current tape cell thus contains the necessary information for the next
configuration at the next time point. To actually propagate this information to the next configuration,
we use the axioms

O(Y" © OY’ U (Tape 1 Match)),

where Y ranges over S. As soon as the matcher object satisfies Match again, this information is
synchronised to the current tape cell using Axiom (4).

It remains to ensure that the non-head worlds are labelled with q. For this, we mark the beginning
of a configuration with the concept name Init and the position of the head with the concept
name Head:

D(Inlt “ Tape M =Cgijt M O(ﬂCB,tZ/{Tape)))(a)
D(Imt — (Head U O(ﬂlnltUHead)))(a),
D(Head o (=G5 Tape))(a)

D(Head — O(=Head L{lnit)) (a).

We now encode the initial configuration. Let w = oy - - - 0, be the input word for M. We define the
shorthand (pU'y, y) inductively by setting (pU'y, x) := U(y M y) and Uy M O(eU Yy, x))
for i > 1. We use the axioms

m-1

(qu MCgq, M |_| O(ﬂTapeL{i(Tape, C0i+1)))(a),

i=1
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O(=TapeUd™(Tape, Cp Ulnit))(a),
O \/ (Tape 1 Cq)(a).

gEeF

Intuitively, C,, and the big conjunction enforce that the input word is written on the tape, and
Cp Ulnit ensures that the remaining cells are labelled with the blank symbol. Finally, the last axiom
expresses that a final state is reachable.

This finishes the description of @ A4,,,. Given this construction, one can show that M accepts w
iff 4w is satisfiable. O
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