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ABSTRACT

We introduce a family of temporal logics to specify the behavior of systems with Zeno
behaviors. We extend linear-time temporal logic LTL to authorize models admitting Zeno
sequences of actions and quantitative temporal operators indexed by ordinals replace the
standard next-time and until future-time operators. Our aim is to control such systems
by designing controllers that safely work on w-sequences but interact synchronously
with the system in order to restrict their behaviors. We show that the satisfiability and
model-checking for the logics working on w®-sequences is EXPSPACE-complete when the
integers are represented in binary, and PSPACE-complete with a unary representation.
To do so, we substantially extend standard results about LTL by introducing a new
class of succinct ordinal automata that can encode the interaction between the different
quantitative temporal operators.

Keywords: temporal logic, Zeno behavior, control, physical system.
1. Introduction
Control of physical systems. Modelling interaction between a computer system

and a physical system has to overcome the difficulty of the different time scales.
For example, reasoning about the connection between the physical description of an
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electric circuit and its logical description in VHDL (standard language designed and
optimized for describing the behavior of digital systems) needs to take into account
that the two descriptions are dealing with objects running at distinct speeds. The
speeds can be so different that some abstraction consists in assuming one system
evolves infinitely quicker than the other one. Another kind of interaction consists
of controlling a physical system by a computer system. Usually, a physical system
is modelled by differential equations. Solving those equations can then involve
computations of limits. For instance, in the bouncing ball example [20], in a finite
amount of time an infinite number of actions can be performed. It is a Zeno sequence
of actions. Similar behaviors have also been considered to solve the car-bee problem
[26]. However, Zeno behaviors are usually excluded from the modelling of real-time
controllers, which is a reasonable requirement (see e.g. [I0]), but also from the
modelling of the physical systems, see some exception in [8, B0]. This is a quite
drastic limitation, since Zeno sequences are often acceptable behaviors for physical
systems.

Beyond w-sequences. Our main motivation in this paper is to model Zeno be-
haviors and ultimately to control physical systems admitting such behaviors. To do
so, we introduce a specification logical language that is interpreted on well-ordered
linear orderings. Reasoning problems based on this logical language should admit
efficient algorithms, as good as those for standard specification languages as linear-
time temporal logic LTL, see e.g. [T9]. The w-sequences are already familiar objects
in model-checking, see e.g. [45], even though such infinite objects are never manipu-
lated when model-checking finite-state programs. Indeed, most problems on Biichi
automata reduce to standard reachability questions on finite graphs. In a similar
fashion, the behaviors of physical systems are modeled in the paper by sequences
indexed by countable ordinals (see e.g. [41]), i.e. equivalence classes of well-ordered
linear orderings, even though as we will show most problems will also reduce to
questions on finite graphs. For instance, the law of movement of the bouncing ball
is modelled by a set of sequences of length w?. The specification of the ball, i.e. the
set of acceptable behaviors, is also characterized as a set of sequences of the same
length w?. On the other hand, the controller is a computer system whose complete
executions are w-sequences. In this paper, we allow Zeno behaviors of physical sys-
tems and we will present a specification language working on sequences indexed by
ordinals greater than the usual first infinite ordinal w.

Our contribution. We introduce a class of logics LTL(«x) indexed by a countable
ordinal « closed under addition whose models are sequences of length «. Quanti-
tative extensions of the standard next-time X and until U operators are considered
by allowing operators of the form X and U with 3 smaller than . As shown in
the paper, for every a < w*, LTL(«) can be viewed as a fragment of the monadic
second-order theory (w*, <) known to be decidable, see e.g. [I3]. For every k > 1, we
show that LTL(w") satisfiability is PSPACE-complete with an unary encoding of inte-
gers and EXPSPACE-complete with a binary encoding. This generalizes non-trivially



what is known about LTL. We reduce the satisfiability problem to the non-emptiness
problem of ordinal automata recognizing transfinite words [12} [I8, B6, 28, [[T]. The
reduction entails that the satisfiability problem has an elementary complexity (by
using [I6]) but does not guarantee the optimal upper bound. We introduce a class
of succinct ordinal automata of level k, k > 1 in which the LTL(w*) formulae can be
translated into and we prove that the non-emptiness problem is in NLOGSPACE. Suc-
cinctness allows us to reduce by one exponential the size of the automata obtained
by translation which provides us the optimal upper bound. Analogous complexity
results are shown for model checking. Finally, we introduce and motivate a control
problem with inputs a physical system S modelled by an ordinal automaton work-
ing on wk-sequences, and an LTL(w*) formula ¢ describing the desirable behaviors
of the system. The problem we introduce is the existence of a controller C working
on w-sequences such that all the behaviors of S x C satisfy the property ¢. The syn-
chronization operation X takes into account the different time scales between S and
C and the set of synchronization vectors depending on the set of observable actions
of the controller C. As a by-product of our results, checking whether a controller
satisfies the above conditions can be done effectively but we leave the question of
the existence and synthesis of such controllers for future work.

Related work. Our original motivation in this work is the control of systems with
legal Zeno behaviors by systems whose complete executions are w-sequences. The
theory of control of discrete event systems was introduced in [38]. In this theory,
a process is a deterministic non-complete finite automaton over an alphabet of
events. The control problem consists in, given a process P and a set S of admissible
behaviors, finding a process ) such that the behaviors of P x @ are in S and such
that @ reacts to all uncontrollable events and cannot detect unobservable events.
Extension to specifications from the modal p-calculus can be found in [3] whereas
the control of timed systems (without Zeno behaviors) is for instance studied in [4,
29, [T0]. Tt is plausible that the techniques from the above-mentioned works (see
also [B6, B3, 2]) can be adapted to the control problem we have introduced but
the technical contribution of this paper is mainly oriented towards satisfiability and
model-checking issues.

The logics we have introduced belong to the long tradition of quantitative ver-
sions of LTL. LTL-like logics having models non isomorphic to w can be found in
[0, &0, 39, 2711, 32, B4]. Temporal operators in the real-time logics from [II, B2, 34] are
indexed by intervals as our logics LTL(«). However, among the above-mentioned
works, Rohde’s thesis 0] contains a LTL-like logic interpreted over a-sequences
with ordinal o but the temporal operators are simply the standard next-time and
until operators without any decoration. It is shown in [A0)] that the satisfiability
problem for such a logic can be decided in exponential-time when the inputs are
the formula to be tested and the countable ordinal from which the model is built.
Similarly, in [B] a temporal logic with next-time and sometimes operators but in-
terpreted over well-founded trees of w-segments is shown decidable by designing a
cut-free sequent-style calculus. The concept of time gaps in [5] can be put naturally



in correspondence with limits for ordinals. No complexity issues are discussed in [B]
even though the temporal logic with only temporal operator next-time is shown
equivalent to the famous modal logic S4 interpreted over reflexive and transitive
Kripke frames and known to be PSPACE-complete.

In the paper, we follow the automata-based approach for temporal logics from [E5]
but we deal with ordinal automata recognizing words of length « for some countable
ordinal a.. So, we extend the reduction from LTL into generalized Biichi automata to
the reduction from LTL(w") into ordinal automata recognizing words of length w”.
Many classes of ordinal automata have been introduced in the literature. In |12} [Ig]
automata recognizing w¥-sequences for some k > 1 are introduced making essential
the concept of layer. In [I3, B6l 28], such automata are generalized to recognize -
sequences for a countable. Correspondences between these different classes can be
found in [7]. In the paper, we mainly adopt the definitions from [28]. An elegant and
powerful extension to automata recognizing words indexed elements from a linear
ordering can be found in [IT]. As far as we know, automata recognizing sequences
of length greater than w designed to solve verification problems have been first used
in [25] to model concurrency by limiting the state explosion problem. Similarly,
timed automata accepting Zeno words are introduced in [§] in order to model phys-
ical phenomena with convergent executions. The non-emptiness problem for such
automata is shown to be decidable [J].

As LTL can be viewed as the first-order fragment of monadic second order theory
over (N, <), theories over («, <) for some countable ordinal o have been also studied
by Biichi [12], see also [I3, [[]. For instance, decidability of monadic second order
theories over (o, <) for some countable ordinal « is shown in [I3]. Decidability status
of elementary theories over countable ordinals have been established in [9) [T7].

Plan of the paper. In Sect. Bl we recall basic definitions about ordinals and
we introduce a class of linear-time temporal logics parameterized by the length of
the models. In Sect. Z4 we show that any logic admitting models of length «
with o < w¥ is decidable by translation into the decidable monadic second order
theory (w*, <). Sect. Bl shows how the class of models of a given formula from a

k_sequences (k < w) can be recognized by an ordinal automa-

logic working on w
ton. To do so, we substantially extend what is known about LTL with generalized
Biichi automata. In order to fully characterize the complexity of logics working on
wP-sequences (EXPSPACE-completeness or PSPACE-completeness depending on the
way integers are encoded), in Sect. Bl we introduce a class of succinct ordinal au-
tomata of level k, extending generalized Biichi automata, and we show that the
emptiness problem is NLOGSPACE-complete. In Sect. Fl since we have at this point
all the necessary background, we present the control problem that motivates our
investigations. We prove that we can decide whether a given controller satisfies the
properties stated in our logical framework. Sect. @ contains concluding remarks and
open problems.

This paper is a completed version of [22]. Full proofs can be found in the technical



appendix

2. Temporal Logics on Transfinite Sequences

2.1. Ordinals

We recall basic definitions and properties about ordinals, see e.g. [A1] for addi-
tional material. An ordinal is a totally ordered set which is well ordered, i.e. all its
non-empty subset have a least element. Order-isomorphic ordinals are considered
equal. They can be more conveniently defined inductively by: the empty set (writ-
ten 0) is an ordinal, if « is an ordinal, then oo U {a} (written a4 1) is an ordinal
and, if X is a set of ordinal, then (J . y c is an ordinal. The ordering is obtained by
0 < aiff B € a. An ordinal « is a successor ordinal iff there exists an ordinal 3 such
that « = 0+ 1. An ordinal which is not 0 or a successor ordinal, is a limit ordinal.
The first limit ordinal is written w. Addition, multiplication and exponentiation
can be defined on ordinals inductively: a +0=a, a+ (6 +1) = (a+ ) + 1 and
a+ = sup{a+v:7v < B} where § is a limit ordinal. Multiplication and expo-
nentiation are defined similarly. € is the closure of w U {w} under ordinal addition,
multiplication and exponentiation. By the Cantor Normal Form theorem, for any
ordinal a < g, there are unique ordinals 31, ..., 8y, and unique integers ny,...,n,
such that o > 31 > --- > 3, and

a = wﬁlxnl—i—---—i—wﬁp X Ny

If @ < w®, then the 3;’s are integers.
Whenever a < (3, there is a unique ordinal v such that o +~v = 3. We write

2 3 is not

B — a to denote ~y. For instance, w? —w = w?, wx3—w=wx 2 and w? —w
defined since w? > w?.

Given an ordinal a < w* equal to wfay + -+ + wla; + wlag, we write sum(a)
to denote ay + -+ + ag, head() to denote the maximal i such that a; # 0 and
tail(a) to denote the minimal ¢ such that a; # 0 (assuming « # 0). For instance,
tail(a + w") = n.

An ordinal « is said to be closed under addition whenever 3,3 < «a implies
B+ ' < a. For instance, 0, 1, w, w?, w3, and w* are closed under addition. In the
sequel, we shall consider logics whose models are a-sequences, i.e. mappings of the
form o — 3 for some finite alphabet ¥ and ordinal « closed under addition.
Lemma 1 For every ordinal o > 1, « is closed under addition iff its Cantor normal
form is WP for some ordinal 3.

The proof of Lemma [l can be found in Appendix [Al

2.2. Quantitative Extensions of LTL

For every ordinal « closed under addition, we introduce the logic LTL(«) whose
models are precisely sequences of the form o : @ — 24 for some countably infinite
set AP of atomic propositions. The formulae of LTL(«) are defined as follows:

pu=p | ¢ | d1Ada | X6 | $107 oo,



where p € AP, 8 < a and ' < a. The satisfaction relation is inductively defined
below where o is a model for LTL(«a) and 5 < az

e 0,8 Epiffpea(B),

e 0, 0E¢iff not 0,8 ¢; 0,8 ¢1Adeiff 0,8 = ¢1 and o, 8 | ¢e,

s 0. BEX9if 0,0+ 5 [ o,

e 0,3 = U ¢y iff there is v < B such that o, 347 = ¢ and for every 7/ < 7,
o, B8+9" F é1.

Closure under addition of o guarantees that 5+ 3’ and 3 + 7 above are strictly
smaller than a. Moreover, in X%'¢, # < a so that for any 8 < o, 8+ 3 < a.
By contrast, in ¢;U% ¢o, B < a (not necessarily strictly) because satisfaction of
o0 E $1U% ¢ implies the existence of some v (satisfying some conditions) that is
already strictly less than 3. The models of ¢ € LTL(«) are defined as elements
of the set Mod(¢) = {0 : 0,0 | ¢}. ¢ is said to be LTL(«)-satisfiable whenever
Mod(¢) is non-empty.

The operator X is a natural generalization of the next-time operator from linear-
time temporal logic LTL that allows to perform a jump of fixed length 3. Similarly,
the operator U” is a natural generalization of the until operator from LTL. We
extend the standard abbreviations as follows: F7¢ & TUs ¢ and GP¢ EC o —¢.

The logic LTL(1) is equivalent to the propositional calculus since ¢1U%s is
equivalent to L, ¢1Ul¢y is equivalent to ¢o, and X%¢ is equivalent to ¢. LTL is
expressively equivalent to LTL(w): the operators X™ and U" for n > 0, and U% can
be simply expressed with the LTL operators X and U. However, LTL(w) is more
succinct than LTL if the natural numbers are encoded with a binary representation
(see Lemma H).

Actually in order to study the decidability/complexity of LTL(«a), we restrict
ourselves to countable limit ordinals « so that the set of formulae is itself countable.
Furthermore, for studying complexity issues, it is necessary to specify the encoding
of the ordinals 8 < « occurring in LTL(«) formulae. In the sequel, we use Cantor
normal form to encode ordinals 1 < § < w*, and the natural numbers occurring in
such normal forms are represented in binary.

We provide below properties dealing with limit states that can be easily ex-
pressed in LTL(w¥) (k > 2)

1. “p holds in the states indexed by limit ordinals strictly less than w*”:

k—1

G (Xp A AXT ).

2. For 1 <k’ < k—2, “if p holds infinitely often in states indexed by ordinals of

the form w¥ x n, n > 1, then ¢ holds in the state indexed by Wk 17,

+1 K/

X p) = (x

(ka +1ka q).

2.3. Model-checking



The model-checking checking for LTL(«) is defined as a natural extension of the
problem for LTL (its existential version) where the labelled transition systems are
replaced by automata recognizing a-sequences (see Definition [I).

Model-checking problem for LTL(«):

input : An ordinal automaton A with finite alphabet a subset of 24 (see Sect. Bl
for a definition) and an LTL(«) formula ¢.

question: Is there an a-sequence o accepted by A such that 0,0 = ¢?

This is the existential version of model-checking (easier to relate with the sat-
isfiability problem). The universal variant of the problem asks whether for all the
a-sequences o accepted by A, we have 0,0 = ¢.

By standard arguments in computational complexity about deterministic classes
and since LTL(«) is closed under negation, the complexity results for the existential
variant of model checking about PSPACE-completeness and EXPSPACE-completeness,
holds also true for the universal variant. Moreover, it is worth observing that in
ordinal automata the labels are on one-step transitions and not on states as in
standard Kripke structures usually used for stating LTL model checking. However,
this is a superficial difference.

2.4. A Non-elementary Decision Procedure

Given LTL(«) models o,0’, we write o =, ¢’ for some o/ < « whenever for
every 0 < o, o(8) = o¢'(8). Hence =, is exactly the equality relation between
LTL(«) models. Given a LTL(«a) formula ¢, we write exp(¢) to denote either « if
a occurs in ¢ or the smallest ordinal of the form w” such that for every ordinal 3’
occurring in ¢, 3’ < w”.

Lemma 2 Let o be an ordinal closed under addition and ¢ be an LTL(«) formula.
If 0 € Mod(¢) and 0 Rexp(p) 0, then o' € Mod(¢).

The proof of Lemma Bl is by an easy verification by observing that ¢ does not
constraint states on positions greater than exp(¢).

Proposition 1 Satisfiability for LTL(w®), 0 < o < w, is decidable.

The proof of Proposition [l can be found in Appendix [Bl and it provides a non-
elementary complexity upper bound (a consequence of [35]). Furthermore, unlike
the translation for LTL into the first-order theory of (w, <), the above translation
makes a substantial use of second-order quantification. A translation into first-order
logic has been found recently [I4] but whether LTL(w*) has an elementary bound
is still open. In the sequel, we considerably improve the bound for logics LTL(w*),
k € N\ {0}, by using an automata-based approach.

3. Automata-based Approach

In this section, we show how to construct an ordinal automaton A, such that
its set of accepted words is precisely the models of ¢, extending the approach for
LTL from [5]. In the rest of this section, ¢ € LTL(w") for some k > 1.



3.1. Ordinal Automata

We define ordinal automata as a generalization of Muller automata.
Definition 1 (Ordinal Automaton) An ordinal automaton is a tuple
(Q,%,6,E, 1, F) where:

e () is a finite set of states, X is a finite alphabet,

e ) C QXX XQ is a one-step transition relation,

o [ C 29 x Q is a limit transition relation,

o [ CQ is a finite set of initial states, F C Q is a finite set of final states.

We write ¢ % ¢ whenever (g,a,¢') € § and ¢ — ¢ iff ¢ % ¢/ for some a € ¥. A
path of length o+ 1 is a map r : « + 1 — @ such that

e for every 8 € a, r(8) — r(8+ 1),
e for every limit ordinal 8 < a, there is P — r(8) € E s.t. P =inf(8,r) with

inf(B,r) = {q € Q: for every v € 3, there is 4/ such that
v <9 <Bandr(y)=q}

A run of length o + 1 is a path of length a + 1 such that r(0) € I. If r(a) € F
then r is said to be accepting. The set of sequences recognized by the automaton
A, denoted by L(A), is the set of a-sequences o : @« — ¥ for which there is an

accepting run r of length « + 1 verifying for every § € a, r(3) o(8) r(B+1).

Ordinal automata from Definition [l are those defined in [28]. They are also
exactly the B’-automata from [, page 35|, a variant of Wojciechowski’s automata
with no letter on limit transitions. The equivalence between these two formalisms
is shown in [7 Sect. 2.5]. In [IH, Def. 17], a similar notion is introduced and
it is generalized in [I1] to automata recognizing sequences over scattered linear
orderings.

Ezxample. We present below an example of ordinal automaton A with limit
transitions {0} — 1 and {0,1} — 2.

a

O

It is not difficult to show that L(.A) contains only w?-sequences and L(A) = (a“-b)~.

3.2. Synchronous Product

We define below the synchronous product of two ordinal automata w.r.t. a syn-
chronization alphabet. The purpose of this definition is to state the control problem
in Section @ Given two ordinal automata A; = (Q;,%;, 6;, By, I;, F;), for i = 1,2,
their synchronous product with respect to the set X of synchronization vectors



in ¥; x ¥2 x ¥ (X is a third arbitrary alphabet) is defined as the automaton
A1l xx Ay ={(Q, %, 6, E, I, F) where:
e Q=(Q1 X Qs
e (q1,q2) —= (q},¢b) € 6 iff there is {a,b,c) € X such that ¢; = ¢} € 61, and
g2 % gh € 6.
e P — (q1,q92) € E iff there exist P, — q1 € E; and P, — ¢2 € E» such that
{a:(¢,q") € P} = Prand {¢' : (¢,¢') € P} = P».
o [ =1, xIn, F = F, x Fy.
By default, we write A; x As instead of A; X ;p As for the synchronized product
with 31 = X9 =3 and ID = {{(a,a,a) : a € E}.

Proposition 2 Let Ay and Ay be ordinal automata over the alphabet ¥ = X1 = Xo.
We have L(A;1) NL(A2) = L(A;1 x A3).

3.8. Hintikka Sequences

We define below a notion of closure which generalizes the Fischer-Ladner clo-
sure [23].
Definition 2 (Closure) The closure of ¢, denoted by cl(¢), is the smallest set of
LTL(w*) formulae such that

o L, pecle),

o ) € cl(d) implies ¢ € cl(d),

e € cl(g) implies —p € cl(¢) (we identify ——) with ),

o 1 A2 € cl(@) implies 11,2 € cl(¢),

o X0y € cl(¢) and f > w™ (0 <n < k) imply X°~"¢ € cl(¢),

o 1 UPYy € cl(¢) and B> w™ (0 < n < k) imply the formulae below belong to
cl(@): r, o, X" (P10~ ahg), TU" —ahy, U oo

It is not difficult to show that the notion of closure introduced above generalizes
what is done for LTL.

Lemma 3 Let ¢ be an LTL(w*) formula for some k > 1.

(1) There exists a polynomial such that card(cl()) is in 2 ®UPD) [resp. card(cl(¢))
is in O(p(|¢|))] when integers are encoded in binary [resp. in unary].

(IT) For all X%y € cl(¢) and v < 3, XP~7 € cl(¢).
(IIT) For all 11 UPYy € cl(¢) and v < B, ¥1UP 4y € cl(¢).

From a formula ¢, we build an ordinal automata A, such that L(Ag) is precisely
the set of LTL(w*) models satisfying ¢. Following [A5], the states of Ay are subsets
of cl(¢) containing formulae to be satisfied in the future, including the current
position. Hence, cl(¢) is built in such a way that if either ¢ — ¢ or P — ¢ are
transitions in Ay, then all the formulae to be satisfied in ¢ depending on ¢’ and P
are part of cl(¢).



Definition 3 A set X C cl(¢) is said to be locally mazimally consistent with respect
to ¢ iff it satisfies the conditions below:

(mel) L € X,
(mc2) for every ¢ € cl(¢), v € X iff W & X,

(me3) for every 1 Aipa € cl(@), Y1 Apa € X iff 1,92 € X,
(mc4) for every X°y € cl(¢), XY € X iffp € X,

(mc5) for every YU, € cl(@), 11U, & X,

(mc6) for all 1 UPs € cl(¢) and f > w™ > 1, Y1 UPYy € X iff either U 1y € X
or =(TU¥" =), X" (P, UP~"4hy) € X,

(me7) for all h1UPo, p1UP by € cl(¢) with B < [, 1Py € X implies 11U 1y €
X,

(mc8) for every 1 Uty € cl(¢), Y1Uy € X iff by € X.

Although all these conditions are used in the forthcoming proofs, at the moment
we ignore whether Condition (me7) is a consequence of the other conditions. We
denote by maxcons(¢) the set of locally maximally consistent subsets of cl(¢).

For standard LTL, an Hintikka sequence p for a formula ¢ is an w-sequence of sets
of subformulae of ¢ such that ¢ is satisfiable iff ¢ has an Hintikka sequence. Local
conditions in p between two successive elements of the sequence are easy to handle
in Biichi automata with the transition relation. The only global condition, stating
that if ¥1Us occurs in the sequence, then some future element in the sequence
contains s, is handled by the Biichi acceptance condition. Sometimes the non-
uniform treatment between local conditions and the global condition is the source
of confusion. The Hintikka sequences defined below are based on a similar principle
except that we can extend advantageously the notion of locality. The Hintikka
sequences p are of the form p : w* — 2¢49). Encoding conditions between p(3) and
p(6 4 1) can be performed by one-step transitions in ordinal automata. However,
the presence of limit transitions allows us also to admit conditions between p(3) and
p(6+ w"/) with 0 < n’ < k. Hence, the global condition in Hintikka sequences of
LTL formulae is replaced by a condition between p(3) and p(f8+w). For transfinite
sequences, the local and global conditions can be treated uniformly.

Definition 4 (Hintikka Sequence) An Hintikka sequence for ¢ is a sequence p :
wk — 2¢U9) sych that

(hin1) ¢ € p(0),

(hin2) for every B < w*, p(3) € maxcons(e),

(hin3) for all B < w*, X7y € cl(¢) and 0 < n’ < k such that 8/ > W™, X7 € p(f)
i X" e p(B ),

(hind) for all § < w* and p1U% ¢y € (@), (A) ViU s € p(B) iff (B) there is
B<B" < B+ such that s € p(B”) and for every f <y <", 11 € p(7).

10



Given a model o : w* — 2% and ¢ an LTL(w*) formula, we write seq(o, ¢)
to denote the sequence seq(o,¢) : w* — 2% such that for every f < wF,
seq(o,0)(8) = {v € cl(@) : 0,0 F v}

Lemma 4 Let o be a model such that 0,0 |= ¢. Then seq(o,¢) is an Hintikka
sequence for ¢.

The proof is by an easy verification.

Lemma 5 Let ¢ be a formula and p : w* — 2 be an Hintikka sequence. For
every B < wk, for every i € cl(¢), 1 € p(B) iff o, B = ¥ where o : W* — 28 with
o(8) = AP N p(B).

The proof of Lemma Bl can be found in Appendix As a consequence of

Lemma ] and Lemma B, we obtain the following proposition.

Proposition 3 ¢ is LTL(w"*) satisfiable iff ¢ has an Hintikka sequence.

3.4. Automaton Construction

We build an ordinal automaton A, that recognizes only words of length w®
over the alphabet 24P (assuming that AP is the finite set of atomic propositions
occurring in ¢).

As the automata built from LTL formulae, states of A4 are locally maximally
consistent sets. Each formula in a state has to be satisfied at the current position and
this induces requirements for the future states of the run. Typically, if X'9 belongs
to some state, then the next state obtained by a one-step transition should contain
the subformula . However, the states in A, are also made of some n € {0,...,k}in
order to remember the tail of the position of the state in the run. This stratification
of states is useful for defining limit transitions and this is possible only because k
is strictly less than w.

The automaton Ay = (Q,X,0, E, I, F') is defined as follows:

o ¥ =2%P Q = mazcons(¢) x {0,...,k},
I={{X,00eQ:9e X}, F={(X,n)eQ:n=k},
(X,n) L (X' n') € § iff (one-step transition)

(A1) n< kand n’' =0,
(A2) XNAP =a,
(A3) for every X?9 € cl(¢) such that 8> 1, X’y € X iff XP~ 1y € X',

In order to define E, we introduce preliminary definitions. For every ¢ U8y €
cl(¢), we write Py, ys,, to denote the set below:

{(X,n) : either ¢ € X or =(41UP4y) € X}

For every (X, n) € Q we write Q(x »y to denote the subset of @ such that for
every (X', 1) € Q, (X',n') € Qxmy &

(A4) n' <n,
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(A5) for every X*¢ € cl(¢) with a > w™, X% € X' iff X*~“"¢ € X.
For every (X,n) € Q, Z — (X,n) € E iff

(A6) n>1,

(A7) Z C Qx

(A8) Z contains a state of the form (Y, n — 1),

(A9) for all YUy € cl(¢) and B > w™ such that (Y, UP“"¢) € X,
Py, 02 7 0.

For LTL(w), the above construction roughly corresponds to the Muller automa-
ton obtained from the generalized Biichi automaton for the LTL formula ¢.

A state (X,n) € Q is said to be of level n. Because of the strict discipline on
levels in Ay it is not difficult to show the following result.
Lemma 6 Letr:wF +1 — Q be a run of Ay. For every a < wk +1, r(a) is of
level tail(a).

It remains to prove the main lemma whose proof requires some careful analy-
sis. Indeed, it is the place where the conditions of the form (mcx) and (Ax) are
technically justified.

Lemma 7 Mod(¢) is non-empty iff L(Ag) is non-empty.

The proof of Lemma [ can be found in Appendix The automaton A, has

204D 2220”‘1”)

states and transitions. By [I6, Proposition 6], the emptiness prob-
lem for ordinal automata is in P. So checking whether Ay accepts at least one word
can be done in triple exponential time, which provides an elementary bound but
not optimal as shown in Section Hl
Proposition 4 L(Ag) = Mod(¢).

Even though LTL(w*) is decidable (by translation into the monadic second-order
theory of w*), the proof of Lemmal[llcannot be extended to LTL(w*). Indeed, by [46,
Sect. 8] (see also [28, Theorem 5.6]), there is no ordinal automaton accepting the
language {a®} for any countable ordinal « greater than or equal to w®. However,
for LTL(w") it is open whether there exists a systematic construction of automata
from formulae that allows to state a result as Lemma [ (only equivalence of non-
emptiness is required).

4. Computational Complexity

In this section, we show complexity results about satisfiability of LTL(w®).

4.1. EXPSPACE-hardness

Lemma B below states that although LTL and LTL(w) are expressively equiva-

lent, LTL(w) is more concise than LTL mainly because X"p is exponentially more
n times

—
succinct than X - -- X p when n is encoded in binary.

Lemma 8 Satisfiability for LTL(w) is EXPSPACE-complete.

12



Lemma B seems to contradict that LTL satisfiability is only PSPACE-complete
but X2"p can be represented with only O(n) bits. We prove the EXPSPACE-hardness
since it will be used also for characterizing the complexity of LTL(w*). The proof
is an adaptation of the proof of [Z7, Theorem 4.7] showing the PSPACE-hardness
of LTL by reducing a PSPACE-complete tiling problem. In the case the natural
numbers are encoded in unary in LTL(w), we regain the PSPACE-completeness (see
e.g. Section Bl). The proof of Lemma Rl can be found in Appendix [l

As a consequence of Lemma [ we obtain the following lower bound.

Theorem 1 For every ordinal o > 1, satisfiability for LTL(w®) is EXPSPACE-hard.

4.2. Succinct Ordinal Automata of Level k

In order to refine the complexity result from Sect. Bl we define below specialized
ordinal automata that recognize w”-sequences. Similar automata can be found in
the literature, see e.g. [I8, 28, [7]. The main merit of the definition below is to allow
easy manipulation in the forthcoming proofs.

Definition 5 (Ordinal Automaton of Level k) An ordinal automaton
A={(Q,%,0,E, I, F) is said to be of level k > 1 iff thereis amapl: Q — {0,...,k}
such that

o for every q € F, 1(q) = k;

7

o ¢ % ¢ €6 implies 1(¢) =0 and I(q) < k;
o P — qe E implies

1. 1(q) = 1,
2. for every ¢’ € P, l(q") < (q),
3. there is ¢’ € P such that l1(¢') =1(q) — 1.

Hence, there is a partition of @ of size k + 1 such that if P — ¢ € E, then

max{l(q") : ¢ € P} +1=1(q). Below, an ordinal automaton of level k is denoted
by (Q,X,6, E, I, F,l) where [ is the level function. Each set of states having the
same level corresponds to a layer in Choueka’s automata [I8]. The automaton built
in Section B is of level k& when the input formula is in LTL(w*). However, Ay is
of triple [resp. double] exponential size in |¢| when integer are encoded in binary
[resp. unary| which is still too much to characterize accurately the complexity of
LTL(w*) satisfiability. That is why, we introduce below a special class of ordinal
automata which can represent succinctly an exponential amount of limit transitions
as the generalized Biichi automata can be viewed as a succinct representation of
Muller automata. Hence, we shall construct Aj such that L(Aj,) = L(Ag), and A}
is “only” of double [resp. simple] exponential size in |¢| when integers are encoded
in binary [resp. unary].
Definition 6 (p(-)-Succinct Ordinal Automaton of Level k) Given
a polynomial p(-), a p(-)-succinct ordinal automaton of level k is a structure A =
(Q,%,0,E,1,F,l) defined as an ordinal automaton of level k except that E is a set
of tuples of the form (Py, Py,...,Pn,q) withn >0,q€ Q and Py, ..., P, CQ such
that
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o (Py,Pr,...,P,,q) € E implies

1. 1 <l(q) <k,
2. each state in Py is of level I(q) — 1,
3. each state in Py U---U P, is of level less than l(q) — 1,

4. n < p(IQ),

o for every state q of level strictly more than 0, there is at most one tuple in E
of the form (Po, P1,..., Pn,q).

Each tuple (Py, Py, ..., Ps,q) encodes succinctly the set of limit transitions
trans((Po, P1,...,Pn,q)) =

{P—gq: PCQ,ViPNP#DandVq € P, I(¢') <l(q)}.

Below, given a p(-)-succinct ordinal automaton A of level k, we write A° to denote
the ordinal automaton of level k (Q,%,d, E', I, F,l) with E' = |J,. g trans(t). The
language recognized by A is defined as the language recognized by A°. In that way,
a p(+)-succinct ordinal automaton of level k is simply a succinct encoding of some
ordinal automaton of level k. An important property of such automata rests on the
fact that the size of E is in O(]Q]? x p(|Q|)). By contrast, in an ordinary ordinal
automaton of level k, the cardinality of the set of limit transitions can be in the
worst case exponential in |Q)].

The automaton A, from Section Bl can be viewed as a po(+)-succinct ordinal
automaton of level k with po(z) = x. Indeed, let Aj be the po(-)-succinct ordinal
automaton of level k defined as Ay with I((X,n)) = n and (P, P1, ..., P, (X,n)) €
Eiff

o n>1,

e PoU---UP, C Q. (see the definition of Qx ) in Section B4,

e PBh=QuxnyN{{Y,n)eQ:n" =n—1}

e Let us pose Z = {110y € cl(¢) : =(11UP~“"4hy) € X, B > w"}. We have

|Z| = m and for every ¢ € Z, {{X,n) : either 1o € X or ~(1);UPhs) € X} €
{Pl, .. .,Pm} with ’Q/J = 'l/]]_UBwQ.
It remains to check that m < |@Q| (because of po(-)). It is sufficient to observe

that m < |cl(¢)| and |Q] is in Q2.
It is not difficult to show the following lemma:

Lemma 9
(I) L(Ag) = L(A).

(IT) In the unary [resp. binary] case, A is of size exponential [resp. doubly ez-
ponential] in |¢| and requires only polynomial [resp. exponential] space to be
buslt.
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4.8. Key Properties to Test Non-emptiness

In this section, we establish a few properties about runs in ordinal automata of
level k.

Lemma 10 Let A be an automata of level k and r be a run of length o + 1 with
normal form B+ w' x n, n > 1. Then I(r(3+ w! x n)) = i.

The proof is by an easy verification (induction on ). Lemma [[M is a slight
generalization of Lemmal As a consequence, we obtain the following lemma.

Lemma 11 Let A be an automaton of level k. Then, its accepting runs are of
length w*.

Lemma [[2 below is the key property to obtain the NLOGSPACE upper bound for
the non-emptiness problem of ordinal automata of level k, even in their succinct
versions. It generalizes substantially the property that entails that the graph acces-
sibility problem and the non-emptiness problem for generalized Biichi automata can
be solved in non-deterministic logarithmic space. A Biichi automaton (Q, 3,0, I, F')
accepts a non-empty language iff there exists a path gy — ar ", gy such that go € I,
¢r € F,n <|Qand 1 <n' <|Q|. As usual, two states are in the relation <, if there
is a path of length ¢ between them. Similarly, a Muller automaton (@, %, 4, I, F)
accepts a non-empty language iff there exists a path qg — q1 — g2 — - - — ¢, such
that o € I, 1 = qur, {q1,--.,qw} € F and n/ < |Q]?. Lemma [ allows to gener-
alize what is known about automata recognizing w-sequences: L(.A) is non-empty
iff A has an accepting run composed of a prefix followed by a loop with bounded
length.

Lemma 12 Let A be an automaton of level k and r be a run of length Wk 1 for
some 1 <k < k. Then, there is a run ' of length w* + 1 such that

e 7(0) = 7(0) and ' (W) = r(w"),

o there are K < |Q| and K' < |Q|? such that for every a > w* ~' x K such that
the normal form of o is W* =1 x n+ B, ' (a) = (W 1 x (n+ K') + 3).

The proof of Lemma [ can be found in Appendix [

A consequence of Lemma[[2is that an automaton A = (Q, X, §, E, I, F, 1) of level
k accepts a non-empty language iff there exists a run 7 : W* 7! x (K + K')+1 — Q
for some K < |Q| and K’ < |Q|? such that r(w* ! x K) = r(w*~! x (K + K")) and

(rB) "X K<< X (K+K)) —»qf € E

for some state g¢ of level k.
More precisely, by taking &’ = k in Lemma[[2 the automaton A accepts a non-
empty language iff there are K < |Q| and K’ < |Q|?> and ¢, ¢} _,...,qc 5, ¢ K

(these are landmark states of a run) such that

(levelp) 43, ..., qéer, are of level 0 and ¢ € I.
(levely_1) ¢2 ,,... ,qfflK/ are of level k — 1 and ¢ | = q,fflK/.
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(subruns) for every 0 < i < K + K’ there is a path 7; : w*~! +1 — @ such that
7:(0) = ¢f and r;(wF™1) = ¢ _,. Bach r; is part of a run from (W1 x i) 41
to whF=L x (i +1).

(k—1—-0) forevery 0<i< K+ K', ¢_, — qé“.

(last-transition) {r;(8) : K <i < K+ K',0 < 3 < w*"1} — ¢; € E for some
state gy of level k.

Existence of the runs ry, ..., 7k x above leads to the existence of an accepting run
of length w* + 1 as described below:

prefix of length WK

loop of length Wik K!

K+1 K+K'—1 K+K' K+K'\w
(7 Ty —qp )
N—————
TK4K/

In Condition (subruns), the existence of r; can be expressed recursively in a
similar fashion on which is based the forthcoming algorithm to test non-emptiness.
Even though is it obvious to see how the algorithm can work recursively, we have
decided to provide the pseudo-code of the algorithm to underline some of its delicate
aspects (in particular to get the proper amount of used space).

It is worth observing that Lemma[l2also holds for p(-)-succinct ordinal automata
of level k since they form a special subclass of ordinal automata of level k. The
succinctness of the representation of the set of limit transitions plays no role in
Lemma

4.4. An Optimal Algorithm to Test Non-emptiness

As seen earlier, non-emptiness is equivalent to the existence of some landmark
states g3, 42, ... 7qé( +K /, q,ﬁ(flK ' satisfying the five above-mentioned conditions. In
order to test non-emptiness of the language recognized by an automaton of level k&,
we introduce a function acc(q, q’) (see Fig. [ll) that returns T iff there is a path r
of length w'?) 4+ 1 such that r(0) = ¢ and r(w'?)) = ¢’. We design the following

non-deterministic algorithm:
Non-empty?(A)
Guess go € I and g¢ € F;
acc(qo, g7 )-

Non-determinism is also present in the definition of acc(qo,qr). A few global
variables are used.

e The variables InLoop;, ..., InLoop, are Boolean. Each variable InLoop; is
equal to true iff the algorithm is guessing the periodic part of a run of length
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w’ (which itself can belong to the periodic part of w’ for some j > i). In
particular, InLoop,, is equal to true if the algorithm is building the periodic
part of the global run, i.e. in the part rx41,...,7Kk+x’ according to the
notations of Sect. In that case, every state in the run from ¢ to ¢’ has
to be recorded in order to be also able to fire the last limit transition (see
Condition (last-transition) in Sect. E3).

e Moreover, for every i € {1,...,k}, the variable 7; contains the address of
the occurrence of a state in the left part of a rule P — ¢” with I(¢") = i
O(k x log|Al) bits are needed in total.

Remember that A is encoded as a string and the address of the occurrence of
a state is simply a position in that string, which requires only O(log|.A|) bits. The
variable T; is updated when the state whose address is 1; is detected in the periodic
part of the run.

In the definition of acc(q, ¢’), in order to test whether there is a path r of length
w'@) 41 such that I(¢) > 1, 7(0) = ¢ and r(w'9)) = ¢/, Lemma [[A guarantees
that the periodic part of r is of length at most wha)=1 |Q|? and the prefix is
of length at most wha)=1 |@Q|. This explains the two main loops of acc(q,q’).
The two “for” loops guess respectively the prefix and the period. Observe that the
iteration variable i is only used to guarantee that the lengths of the subruns are
correct. When a state ¢ is guessed in the periodic part of the global run, one has to
check that ¢ indeed belongs to rules of the form P — ¢” with I(¢"”) > I(¢:) and one
updates the variables 1, since ¢ has been detected (see Fig. B).

Lemma 13 Non-empty?(A) = T iff L(A) # 0.

Let us briefly analyze the complexity of the algorithm. Global variables require
O(k x log|.A|) space and the recursive depth is at most k. By passing the variables
by reference, the whole algorithm requires space O(k x log|A|).

As a consequence we obtain the following theorem.

Theorem 2 For every k > 0, the non-emptiness problem for ordinal automata of
level k is NLOGSPACE-complete.

It is worth observing that as a corollary of [I6], the non-emptiness problem
for ordinal automata is in P. Herein, we refine this result for a subclass of ordinal
automata: for every £ > 1, the non-emptiness problem for ordinal automata of level
k is in NLOGSPACE. However, our algorithm runs in time O(].4|?**): in order to
save space, we do not keep in memory the outcomes of previous accessibility checks
(similarly to the proof establishing that logarithmic reductions are closed under
composition). It is open whether the non-emptiness problem for ordinal automata
of level k for some k > 0 is P-hard (k is not fixed).

Corollary 1 The non-emptiness problem for Muller automata (k = 1) is NLOGSPACE-
complete.

The NLOGSPACE upper bound is a consequence of TheoremPland the NLOGSPACE
lower bound can be obtained by reducing the graph accessibility problem.
Corollary 2 For all k > 0 and polynomial p(-), the non-emptiness problem for
p(+)-succinct ordinal automata of level k is NLOGSPACE-complete.
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ace(q,q") (I(¢") <k, 1(q) =0)
K =1(q') - 1;
If k¥ > 0 then

(initial-guesses)

- InLoopy/,, := false;
- Guess a rule P — ¢';
- Trr+1 takes the value of the address of the first state in P;
- Guess K < |Q| and K’ < |Q|%;
(*) d0:=g;
(guess-prefix) Fori=1to K do
- Guess qg € P of level £/;
- Check&Update(qg );
- If ace(qo, qir) then guess qq such that I(qp) = 0 and qx — qo other-
wise abort;
(%) If qjsP**" := qu (forthcoming repeating state);
(*) InLoop,,, = true;
(*) Guess qu € P of level k';
(x) Check&Update(qq);Check&Update(qx);
(guess-period) For i =1 to K’ do
If ace(qo, i) then
- Guess qo such that I(qp) = 0 and qxr — qo;
- Q= qu
- Guess qi € P of level k/;
-If ¢ # K’ (not the last dummy guess) then
(Check& Update(qo);Check& Update(qx ));

otherwise abort;

(final-check) If one of the conditions below fails then abort otherwise
accept

(C1) Trr41# nil (some state in P has not been visited),
(C2) g™ # q\sP**" (wrong choice of the repeating state of level k')

otherwise if ¢ — ¢’ then accept otherwise abort.

Figure 1: Accessibility function
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Check&Update(q)
For 1 <i<kdo

(¢q is desirable) If InLoop, = true and 1, contains the address of an occur-
rence of ¢ in the left part of a rule then T; takes the value of the next
state in the rule or nil if there is no such a remaining state;

(¢ is undesirable) If InLoop, = true and I(¢) < i — 1 and ¢ does not occur
in the left part of the rule that is currently pointed by 1; then abort.
(one needs another variable to visit the states in the left part of that
rule)

accept.

Figure 2: Update of the variables T;s

Indeed, for ordinary ordinal automata, rules P — ¢’ in F are guessed (see Fig.[)
whereas for p(-)-succinct ordinal automata of level k, we guess which element for

each P; occurring in Py,..., P, — ¢ is repeated infinitely often. So we guess
qos--+5qm — q' and |;gy—1 contains the address of the occurrence of some ¢;. Of
course we do not guess qq,...,qn — ¢ at once for space saving but rather guess

each ¢; step by step. Because in succinct ordinal automata, we only specify the
existence of states repeated infinitely often (as in generalized Biichi automata), the
second condition can be deleted in Fig. &

4.5. Optimal Complexity Upper Bounds

We are now in position to characterize the computational complexity of satisfi-
ability and model-checking problems.

Theorem 3 For every k > 1, the satisfiability problem for LTL(w¥) is PSPACE-
complete when the integers are encoded in unary and the problem is in EXPSPACE-
complete when the integers are encoded in binary.

The proof of Theorem B can be found in Appendix Another way to prove
Theorem Bl suggested to us in [37] consists in showing that LTL with strict Since
and Until over w“-sequences is in PSPACE. Indeed, it is then possible to define
concisely a formula ¢; stating that the current position is a multiple of w® for
i € w. Our operators U«" and X*' for some i > 1 are then definable as follows:
WU~ (1 A )U(—ps A1) and X9 ~ ((~:)0(pi A ). Renaming of
subformulae are necessary to guarantee that the translation can be performed in
logarithmic space. It is however open whether for every countable ordinal «, LTL
with strict Since and Until over a-sequences is in PSPACE.

Complexity of the model-checking problem for LTL(w") can be now fully char-
acterized.

Theorem 4 For every k > 1, the model-checking problem for LTL(w") is PSPACE-
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complete when the integers are encoded in unary and the problem is in EXPSPACE-
complete when the integers are encoded in binary.

The proof of Theorem Hl can be found in Appendix [H and it is a slight variant
of what exists for LTL. Theorem Bl can be refined by admitting succinct ordinal
automata as inputs of the model-checking problem.

Theorem 5 For every k > 1, the model-checking problem for LTL(w¥) restricted
to x-succinct ordinal automata of level k is PSPACE-complete when the integers
are encoded in unary and the problem is EXPSPACE-complete when the integers are
encoded in binary.

Hence, even if the system is defined succinctly, the worst-case complexity remains
identical. The proof of Theorem B can be found in Appendix [l

5. Application: Control of Physical Systems

In this section, we formalize the control problem of a physical system by a
computer system by using ordinal automata and the logics LTL(w*). Even though
it is the original motivation of our investigations on the logics LTL(«), at this point
of the paper we have all the necessary definitions and results to state concisely the
problem. Physical systems are often modelled by differential equations. Solving
those equations can then involve computations of limits. For example, the law of
movement of a bouncing ball implies that, when it is lifted-up, it will bounce an
infinite number of times in a finite amount of time. It can be seen as a Zeno sequence
of actions. We model a system by an ordinal automaton recognizing w”-sequences.
For instance, the law of movement of the bouncing ball corresponds to w?-sequences
and the set of acceptable behaviors of the ball is modelled by a set of sequences
of the same length w?. On the other hand, the controller is an operational model
working on w-sequences.

Before stating the control problem, we need to give definitions about the way to
transform an ordinal automaton of level 1 into an ordinal automaton of level k > 2
that has relevant actions only on states in positions of the form w*~1 x n (lifting).
As usual, LTL(w*) formulae can be viewed equivalently as ordinal automata of level
k and we shall use these different representations depending on the context (see [3]
for a similar standard treatment between formulae and automata).

5.1. Lifting

In order to synchronize the system S with a controller working on w-sequences,
we need to transform the controller so that its product with S only constraints

k—1

states on positions w x n, n € N. The other positions are not constrained.

Definition 7 (Lifting) Let A= (Q,%, 4, E, I, F,l) be an automaton of level 1 (the
final states are the only states of level 1). We define its lifting lift, (A) at level k > 2
to be the automaton (Q',%,8', E', I', F,l') by:

e Q' =({0,...,k=1}x(Q\F)UF, I'={k -1} x I,
o l'(q) =k forqe F and I'({i,¢')) =1,
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o 0= {(k-1,9) = (0,¢) : ¢ — ¢ €3}V :
{(i,q) £ (0,q) : 0<i<k,a€X, q¢F}
o B'={{(0,q),....(i-L,¢)} = (i,q) : 1<i<k, € QtU{{{0,q1),...,(k~—
Lag)y- 5 (0,qn), - s {(k—1,q.)} —q | {¢1,---qu} — q € E}.

Ezxample. We present below an example of ordinal automaton A with limit
transition {qo,q1,¢2} — ¢3 and the corresponding automaton lift,(A) with limit
transitions {(0,40)} — (1,q0), {(0,q1)} — (1, q1), {(0,42)} — (1,42), and
{<07 QO>7 <17 QO>7 <07 QI>7 <17 QI>7 <07 Q2>7 <17 Q2>} — g3.

A lifty (A)

Proposition 5 For all w € 2", w € L(lift;,(A)) iff the word w' € ¥, defined by
w' (i) = w(wr™ x 1), is in L(A).

The proof of Proposition B can be found in Appendix [

5.2. The Control Problem

Definition 8 (Physical system) A physical system S is modelled as a structure
(A, Acte, Acto, Act) where

2Act

o A is an ordinal automaton of level k with alphabet where Act is a finite

non-empty set of actions,
o Actyp C Act is the set of observable actions,
o Acte C Actyg is the set of controllable actions. The set of uncontrollable actions

is denoted by Actne.

A specification of the system S is naturally an LTL(w*) formula . A controller C
for the pair (S, 1) is a system whose complete executions are w-sequences (typically
ordinal automata of level 1) verifying the properties below.

e Only observable actions are present in the controller. Hence, thanks to the
synchronization mode, in the product system between & and C, unobservable
actions do not change the C-component of the current state. So,
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(obs) the alphabet of C is 94¢to and for every state g of C, there is a transition
0
q—4q.

e From any state of C, uncontrollable actions can always be executed:

(unc) Vg - Va C Acty \ Acte, there is a transition g L, ¢ in C such that
bnN Actnc = a.

e Finally, the system S controlled by C satisfies ). Because & and C work
on sequences of different length, the controlled system is in fact equal to
lift,(C) xy S for some set Y of synchronization vectors. S and C synchronize
on observable actions:

(syn) Y = {(X, X', X") € Act x Actp x Act: X N Acto=X', X =X"}.

This is equivalent to check the emptiness of the language of the product au-
tomaton (S Xy lift,(C)) x A-y.

Hence, the control problem for LTL(w*) is defined as follows:

input: a system S = (A, Acte, Acto, Act) with ordinal automaton A of level k and
an LTL(w*) formula ¢ over atomic formulae in Act.

output: is there an ordinal automaton C of level 1 satisfying (obs) and (unc) and
such that all the words of length w* accepted by S xy lift, (C) satisfy ¢ with
Y verifying (syn).

It is worth noting that the lifting construction oversimplifies the physical syn-
chronization between the system and the controller. Indeed, the fact that lift, (C)
synchronizes with S every w®~! step idealizes the ability of the controller. Assum-
ing that C interacts with & at the steps 0 < a1 < a9 < ... with lim;_,a; = wk
is more realistic. With the construction lift, (C), it is implicitly assumed that «; is
precisely w*=1 x 1.

The very complexity of the control problem is open (see related results in the
recent [14]) but as a consequence of Theorem Hl we obtain the following result.

Proposition 6 The problem of checking whether the language accepted by (S Xy
lift,(C)) x Ay is non-empty, given o physical system S, a controller C and a
specification 1 is decidable.

We explained how to check that a controller is correct with respect to a specifi-
cation, but we do not address here the controller synthesis issue.

5.3. Example

Consider the system is a bouncing ball [20] with three actions lift-up, bounce
and stop, where only lift-up is controllable, and only stop and lift-up are observable.
The law of the ball is described by the following LTL(w?) formula:

¢$ = G“’z(lift—up = X'(G¥bounce A X“stop))
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G%p is an abbreviation for —=(TU%—). Informally, ¢ states that when the ball is
lifted-up, then it bounces an infinite number of times in a finite time and then
stops. An equivalent ordinal automaton A, working on w?-sequences can be easily
defined. The specification is given by the following LTL(w?) formula:

P = ¢ X' bounce

Informally, ¢ states that the ball should almost always be bouncing.
A possible controller for this system is described by the following LTL formula:

© = lift-up N\ G*(stop = lift-up)

Informally, ¢ states that the controller should lift-up the ball at the beginning and
then lift-up it again each time it stops. Similarly, an equivalent ordinal automaton
A, working on w-sequences can be easily defined.

6. Concluding Remarks

We have introduced a family of temporal logics to specify the behavior of sys-
tems by assuming that the sequence of actions is isomorphic to some well-ordered
linear ordering (see the bouncing ball example in Section H). Our aim is to con-
trol such physical systems by designing controllers that safely work on w-sequences
but interact synchronously with the physical system in order to restrict their be-
haviors. We have extended linear-time temporal logic LTL to a-sequences for any
countable ordinal « closed under addition, by considering quantitative operators in-
dexed by ordinals smaller than «. This is a new class of linear-time temporal logics
for which we have shown that LTL(w*) is decidable by reduction to the monadic
second-order theory (w*, <) and for every k > 1, LTL(w") satisfiability problem
is PSPACE-complete [resp. EXPSPACE-complete] when the integers are encoded in
unary [resp. in binary] generalizing what is known about LTL. Our proof technique
is inspired from [45] with significant extensions in order to deal with the interaction
between arithmetics on ordinals and temporal operators. We have introduced a
new class of succinct ordinal automata in order to fully characterize the complexity
of the logics. The treatment of these aspects leads to the most difficult technical
parts of the paper. Finally, the complexity results for satisfiability can be lifted
to model-checking: the model checking problem for LTL(w") is PSPACE-complete
[resp. EXPSPACE-complete] when the integers are encoded in unary [resp. binary].

A lot of work remains to be done even though our logics working on w*-sequences
have been shown to admit reasoning tasks of complexity similar to that of LTL.
Synthesis of controllers working on w-sequences on the line of Section H is on the
top of our priority list as well as the search for well-motivated examples where
ordinals greater than w? are needed. It is also natural to wonder whether LTL(w®)
satisfiability is an elementary problem and whether for every countable ordinal
a, LTL(«) is decidable. Observe that the monadic second-order theory of every
countable ordinal « is known to be decidable [I3] but this theory has no addition
and we need it in some way in LTL(c) to deal with the operators X”. Finally, LTL
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is known to be initially equivalent to the first-order theory of (w, <) by Kamp’s
theorem [33] and by the separation theorem [24]. Is LTL(w") also initially equivalent
to the first-order theory of (w*, <)? Tt is unlikely the case since by [31], the future
fragment of MLO over the class of ordinals does not have the finite base property.

Acknowledgments. Thanks to Peter van Emde Boas and Eric Allender for
pointing out us the existence of [6, Corollary 3.36] that happens to be a key argument
in the proof of Theorem B, to Paul Schupp and Paul Gastin for providing us essential
parts of Rohde’s thesis (we have now the whole document), to Claudine Picaronny
for providing us articles on ordinal automata, to Nicolas Bedon for many electronical
discussions, to Jean-Michel Couvreur for fruitful discussions. We would like to
warmly thank Thierry Cachat for his comments on earlier versions of this work
and for so helpful and fruitful discussions. We thank also Alexander Rabinovich
for pointing us to [B1] and for suggesting a simpler proof strategy for Theorem
Finally, we would like to thank the anonymous referees for their helpful remarks
and suggestions on earlier versions.

References

1. R. Alur, T. Feder, and T. Henzinger. The benefits of relaxing punctuality. Journal
of the Association for Computing Machinery, 43:116-146, 1996.

2. R. Alur and S. L. Torre. Deterministic generators and games for LTL fragments.
In LICS’2001, pages 291-300. IEEE Computer Society Press, 2001.

3. A. Arnold, A. Vincent, and I. Walukiewicz. Games for synthesis of controllers with
partial observation. Theoretical Computer Science, 303(1):7-34, 2003.

4. E. Asarin, O. Maler, and A. Pnueli. Symbolic controller synthesis for discrete and
timed systems. In Hybrid systems II, volume 999 of Lecture Notes in Computer
Science, pages 1-20. Springer, 1995.

5. M. Baaz, A. Leitsch, and R. Zach. Completeness of a first-order temporal logic with
time-gaps. Theoretical Computer Science, 160(1-2):241-270, 1996.

6. J. Balcéazar, J. Dfaz, and J. Gabarré. Structural Complexity I. Springer, Berlin, 2nd
edition, 1988.

7. N. Bedon. Langages reconnaissables de mots indexés par des ordinauz. PhD thesis,
Université Marne-la-Vallée, 1998.

8. B. Bérard and C. Picaronny. Accepting Zeno words: a way toward timed refine-
ments. In MFCS’97, volume 1295 of Lecture Notes in Computer Science, pages
149-158. Springer, 1997.

9. A. Bes. Decidability and definability results related to the elementary theory of
ordinal multiplication. Fundamenta Mathematicae, 171:197-211, 2002.

10. P. Bouyer, D. D’Souza, P. Madhusudan, and A. Petit. Timed control with partial
observability. In CAV’03, volume 2725 of Lecture Notes in Computer Science, pages
180-192. Springer, 2003.

11. V. Bruyere and O. Carton. Automata on linear orderings. In MFCS 2001, volume
2136 of Lecture Notes in Computer Science, pages 236—247. Springer-Verlag, 2001.

12. J. Biichi. Transfinite automata recursions and weak second order theory of ordinals.

In Int. Cong. Logic, Methodology and Philosophy of Science, Jerusalem, pages 3—23,
1964.

24



13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

J. Biichi and D. Sieftkes. The monadic second order theory of all countable ordinals,
volume 328 of Lecture Notes in Mathematics. Springer, 1973.

T. Cachat. Controller synthesis and ordinal automata. In ATVA’06, Lecture Notes
in Computer Science. Springer, 2006. To appear.

O. Carton. Automates et mots infinis. Université de Marne-la-Vallée, 2001. Habil-
itation thesis.

O. Carton. Accessibility in automata on scattered linear orderings. In MFCS 2002,
volume 2420 of Lecture Notes in Computer Science, pages 155-164. Springer, 2002.

C. Choffrut. Elementary theory of ordinals with addition and left translation by
w. In DLT’01, volume 2295 of Lecture Notes in Computer Science, pages 15-20.
Springer, 2002.

Y. Choueka. Finite automata, definable sets, and regular expressions over w”-tapes.
Journal of Computer and System Sciences, 17:81-97, 1978.

E. Clarke, O. Grumberg, and D. Peled. Model checking. The MIT Press Books,
2000.

P. Cuijpers, M. Reniers, and A. Engels. Beyond Zeno-behaviour. Technical report,
TU of Eindhoven, 2001.

J. Davoren, V. Coulthard, N. Markey, and T. Moor. Non-deterministic temporal
logics for general flow systems. In In Proc. 7th Int. Workshop on Hybrid Systems:
Computation and Control (HSCC 2004), Philadelphia, PA, USA, volume 2993 of
Lecture Notes in Computer Science, pages 280-295. Springer, Berlin, 2004.

S. Demri and D. Nowak. Reasoning about transfinite sequences (extended abstract).
In D. Peled and Y.-K. Tsay, editors, ATVA’05, volume 3707 of Lecture Notes in
Computer Science, pages 248-262. Springer, 2005.

M. Fischer and R. Ladner. Propositional dynamic logic of regular programs. Journal
of Computer and System Sciences, 18:194-211, 1979.

D. Gabbay, A. Pnueli, S. Shelah, and J. Stavi. On the temporal analysis of fairness.
In POPL’80, pages 163-173. ACM Press, 1980.

P. Godefroid and P. Wolper. A partial approach to model checking. Information
and Computation, 110(2):305-326, 1994.

M. Hansen, P. Pandya, and C. Zhou. Finite divergence. Theoretical Computer
Science, 138:113—-139, 1995.

D. Harel. Recurring dominoes: making the highly undecidable highly understand-
able. In Foundations of Computing Theory, volume 158 of Lecture Notes in Com-
puter Science, pages 177-194. Springer-Verlal, 1983.

J. Hemmer and P. Wolper. Ordinal finite automata and languages (extended ab-
stract). Technical report, Université of Liege, 1991.

T. Henzinger and P. Kopke. Discrete-time control for rectangular hybrid automata.
Theoretical Computer Science, 1999:369-392, 1999.

M. Heymann, F. Lin, G. Meyer, and S. Resmerita. Analysis of Zeno behaviors
in hybrid systems. In Proceedings of the 41st IEEE Conference on Decision and
Control, Las Vegas, Nevada, USA, pages 2379-2384, 2002.

Y. Hirshfeld and A. Rabinovich. Future temporal logic needs infinitely many modal-
ities. Information and Computation, 187(2):196-208, 2003.

Y. Hirshfeld and A. Rabinovich. Logics for real time: decidability and complexity.
Fundamenta Informaticae, 62:1-28, 2004.

J. Kamp. Tense Logic and the theory of linear order. PhD thesis, UCLA, USA,

25



34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44.

45.

46.

1968.

C. Lutz, D. Walther, and F. Wolter. Quantitative temporal logics: PSPACE and
below. In TIME’05, pages 138-146, 2005.

A. Meyer. Weak second order theory of successor is not elementary-recursive.
Technical Report MAC TM-38, MIT, 1973.

A. Pnueli and R. Rosner. On the synthesis of a reactive module. In 16th ACM
POPL, Austin, Texas, pages 179—-190, 1989.

A. Rabinovich. Private communication, August 2006.

P. J. G. Ramadge and W. M. Wonham. The control of discrete event systems.
Proceedings of the IEEFE, T77:81-98, 1989.

M. Reynolds. The complexity of the temporal logic with until over general linear
time. Journal of Computer and System Sciences, 66(2):393-426, 2003.

S. Rohde. Alternating Automata and The Temporal Logic of Ordinals. PhD thesis,
University of Illinois, 1997.

J. Rosenstein. Linear Ordering. Academic Press, New York, 1982.

A. Sistla and E. Clarke. The complexity of propositional linear temporal logic.
Journal of the Association for Computing Machinery, 32(3):733-749, 1985.

W. Thomas. On the synthesis of strategies in infinite games. In STACS’95, volume
900 of Lecture Notes in Computer Science, pages 1-13. Springer, 1995.

P. van Emde Boas. The convenience of tilings. In Complezity, Logic, and recursion
Theory, volume 187 of Lecture Notes in Pure and Applied Logic, pages 331-363.
Marcel Dekker, Inc., 1997.

M. Vardi and P. Wolper. Reasoning about infinite computations. Information and
Computation, 115:1-37, 1994.

J. Wojciechowski. Classes of transfinite sequences accepted by nondeterministic
finite automata. Annales Societatid Mathematicae Polonae, pages 191-223, 1984.

26



Appendix A: Proof of Lemma [l

First suppose that a = w” and take 8; < 2 < w”. The Cantor’s normal form
of 1 [resp. B2] is of the form w™n; + ] [resp. w??ng + 4] with either 5 > v, or
no > ny. Hence,

Pr+ B2 <fa+ P2 <w™xn

for some n > 1. Consequently, 51 + 2 < w? since w?? x n < w2t < WA,

Now suppose that the Cantor normal form of « is w® .ny 4 --- + wﬁp.np where
p > 1 and n, # 0. The ordinals WP .ny and WP are strictly less than a, but their
sum is strictly greater. a

Appendix B: Proof of Proposition [

By Lemma[ it is sufficient to show that LTL(w®) is decidable. We extend the
standard translation from LTL into the monadic second order theory of (w, <) in
order to translate LTL(w*) into the monadic second order theory of (w*, <) since the
monadic second order theory of (o, <) for every countable ordinal « is decidable [I3|
Theorem 4.12]. The main difficulty rests on the definition of a formula +(z,y) for
some § < w* such that (w*, <) =, +5(z,y) with v : {z,y} — w* iff v(y) = v(z)+0.
The relation =, is the standard satisfaction relation under the valuation v. It is
worth observing that addition is not present in the monadic second order theory
of (w¥, <). With the help of +3(x,y) we define a two-places map ¢(-,-) such that
for any LTL(w*) formula ¢ built over the propositional variables p1,...,py,, for
any o : w¥ — 2PLPe}we have 0,0 = ¢ iff (W9, <, P1,...,P,) =, t(¢,x) with
v(zg) =0and for 1 <l <n, B={fcw:p €o(f)}.

(p,x) = p(x), t(d A, x) = t(p, 2) ANt(, ), H(~, ) = =t(, z),

(XP¢,2) =3y +p (x,y) At(e,y),

(U, 2) =3y y +p @y )N (e <yAy<y)Atlp,y) A(Y 2z (z<zAz<
y) = t(g,2)) if B < w?.

o (U Y, x) =Ty (@ <y Aty AV 2z (< 2hz2<y) = 1(p,2))

4~ S+ o

The formulae of the form +5(x, y) with 5 < w* are inductively defined as follows:

L 4o(z,y) € (x =),

2. +1(z,y) EV 2z (z>z=y<2)A (<),

3. +wkn+ﬁ($7y) d:Cf dz +wk (JI,Z) A +wk(n71)+5(27y) (n > 17 k > 0)7
4

. For(x,y) (k> 1) is defined as 3 X ¢1 A -+ A ¢pg where the ¢;s are defined as
follows.

def

P2 =V 2,7 (2€ X Ni-1(z,2) = 2 € X,
p3 =Tz 26E X A+on(,2),
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() ¢s =V 2 (V2 (FeX=2<2)=>y<z,

(f) 6 =V X' (X' C X) = ¢5 V ¢3 where the ¢;'s are defined as follows.
i ¢y dzci (V2,2 (€ X' ANtor-1(2, 7)) = 2/ € X'),
. g7 = (32 2€ X A+ora(z,2)).

It is not difficult to show that the definition of +4(x,y) with 8 < w* is correct since
the recursive steps involve only ordinals strictly less than 8. Some explanations
are in order. In (4.), the variable X is enforced to be interpreted as the set {y +
WPy Wkt x 2,y + Wk x 3, ...} where the variable x is interpreted by 7. The
value of y is then the limit of this set. By satisfaction of ¢4 and ¢s5, y is interpreted
as the least upper bound of {y + w*=1 v + wF 1 x 2,y +wF~1 x 3,...} which is
precisely v + w®. The formula ¢g states that X is interpreted as the smallest set
satisfying the formula ¢1 A ¢2 A ¢3. O

Appendix C: Proof of Lemma

Lemma below states a useful property about Hintikka sequences.
Lemma C.1 Let p : wb — 2¢4?) be o Hintikka sequence for ¢. For all 8 < w* and
X7 € (), X7 b € p(B) iff ¥ € p(B+ ).
Proof. By using (hin3), it is easy to show by induction that for all 87 < ',
X' € p(B) iff X7 "y € p(B+ B"). Hence, 1) € p(B+ ). =

The proof of the lemma is by induction on the structure of ). The base case
with propositional variables and the cases with Boolean operators in the induction
step are by an easy verification.

Case 1: ¥ = Xﬁ/gp with 3/ >0
By Lemma[Cl v € p(B) iff ¢ € p(8+ 3'). By induction hypothesis, ¢ € p(8+ 3)
is equivalent to o, 8 + 3’ = ¢ which is equivalent to ¢, 3 |= ¢ by definition of .

Case 2: ¢ = ¢1Uﬁ/¢2
The propositions below are equivalent:

1. 4 € p(B),
2. there is § < v < B+ (' such that ¢¥2 € p(y) and for every 8 < 7' < 7,
¥1 € p(7') (by (hind))

3. there is 8 < v < B+ ' such that 0,7 | 12 and for every 8 < 4/ < 7,
0,7 = 1 (by induction hypothesis)

4. 0,8 = ¢ (by definition of |=).

Appendix D: Proof of Lemma [7
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We show that the set of sequences p : wF — 2¢(%) obtained from accepting runs
r:wk+1— Q of A as described below is precisely the set of Hintikka sequences
for ¢. p is defined from 7 as follows: for every a < w¥ 4+ 1, p(a) = X where
r(a) = (X, tail(a)).

(I) First, we show that if 7 : w* + 1 — Q is an accepting run, then p is an Hintikka
sequence for ¢. Satisfaction of (hinl) and (hin2) is immediate.

(hin3) We want to show that for all v < w¥, X*'tp € ¢l(¢) and 0 < n < k such that
o > w", XY € pla) if X¥ "1 € p(a+w™). When n = 0, the property is satisfied
thanks to (A3) in A4. Otherwise suppose that X9 € p(a) and o/ > W™ withn > 1.
We can show by transfinite induction, that for every 8 < w™, X*'9 € p(a+ ). The
base case # = 0 is obvious. In the induction step with 8+ 1 < w™, (A3) guarantees
that X*'¢) € p(a + () implies X*'¢) € p(a+ B+ 1) since o/ —1 = o/ (remember
o' > w). Now suppose (3 is a limit ordinal strictly smaller than w™ and for every
B < B, Xy e pla+ ). By (A5), Xa/_”ta“(ﬁ)w € p(la+ B). Since f < w™ and
of > wn, o —whil®B) = o/, So, for every § < w™, X*' ¢ € p(a+ 3). By (A5), we
obtain X*'~“" 4 € p(a 4+ w™).

Now suppose that X ~«"¢ € pla + w™) with o/ > w™ and n > 1. So there is
a limit transition Z — (p(a 4+ w™),n) such that for every (Y,n/) € Z, X*'¢) € Y.
Since Z = inf(a + w",r), there is o < f < a 4+ w™ such that X*'¢ € p(3). We can
now show that for every o < 3’ < 3, X*'p € p(#'). This can be proved as above by
observing that for such 3, tail(8') < n and therefore o/ — w!@i() = o/,

(hin4) We show that for all @ < w* and ;U ¢y € cl(¢), (A) 10~ ¢y € p(a) iff
(B) there is @ < o < a + & such that ¢ € p(a”) and for every a < 8 < o”,
Y1 € p(B).

If sum(a’) = 0 or o = 1, then the proof is immediate since p(«a) satisfies (mc5)
and (mc8), respectively.

The proof is by induction on sum(a’) with obvious base case sum(a’) = 0.

Base case 1: sum(a’) = 1.
Suppose o = w! for some 1 < N < k.

Proof of “(A) implies (B)”.
The proof is by induction on N.
Case 1: N =1 (“LTL case”).
Suppose 11 U¥1hy € p(a). If UMby € p(a), then (B) trivially holds. Otherwise,
1, X (¥1U0%2) € p(a) and by (mch) ¥1U0%ps € p(a + w). By definition of limit
transitions, there is @ < a + 14 < a + w such that r(a + i) € Py ywy, with ¢ > 0.
Take the minimal ¢ satisfying this property. So for every 0 < j < i, 1 U, 1)y €
pla+ 7).

Suppose that ¥;U¥s & p(a + i) and not 9o € p(a +i). If ¢ = 0 this leads
immediately to a contradiction. Otherwise, by (mc6) 11U0%s, ~)2 € p(a+ (i — 1))
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implies X! (1)1 U%42) € p(a+(i—1)) which is in contradiction with ¥ U%9e & p(a+1i).
So 1o € p(a+1i). By (mc6), for every 0 < j < i, 1)1U%g, —po € p(a + j) implies
1 € p(a+j). Hence, for every 0 < j < 4, ¢1 € p(a+7) and 12 € p(a+1i). So (B)
holds true.

Case 2: N > 1. )

Suppose 11U by € p(a). If there is N < N such that WU s € p(a), then
by induction hypothesis, (B) holds true. Otherwise, let us treat the case when for
every N' < N, 1/11U“’N/1/)2 & p(a). Since 11U%)y & p(a + w™), there is a* such that
a<a+a* <a+wV and r(a+a*)N P, oy, is non-empty. Take a* to be the
minimal such an ordinal. It exists since the set of ordinals is well-ordered.

Case 2.1: Yy € p(a+ o).

By minimality, for every a < 8 < a + o*, YU 2y, g € p(8). By (mc6), for
every a < 8 < a+ o, 1 € p(f). So (B) holds true.

Case 2.2: oy & p(a+ a*).

Consequently, 11U%" 1y & pla + a*) since r(a + a*) N Py g g, neq. We shall
show that this case leads to a contradiction.

Case 2.2.1: o+ o is a successor ordinal, say a* = o + 1.

Since U< 9y, by € p(a + af) by minimality, satisfaction of (mc6) implies

x! (¢1UWN¢2) € pla+ag).

Hence, wlU“’Nwz € p(a+ af + 1), a contradiction.

Case 2.2.2: o+ o is a limit ordinal.

There is a limit transition Z — r(a + «*) such that inf(a + o*,7) = Z. Since
Wl —wtaile”) = N (o* < wN) and 1 U~ ¥y & p(a+a*), there is (Y,n) € Z such
that (Y,n') € Py~ . Asinf(a+a*,r) = Z, there is a < 8 < a+ o such that
r(0) € P, yov,,, a contradiction by minimality of a + o*.

Proof of “(B) implies (A)” (in Base case 1).

We show a bit stronger property: for all o < w¥, 11U by € ¢l(¢) and 0 < o < &/,
if U ="y € pla + o) and for every 0 < v < o, ¥y € p(a + 7), then
VU s € p(a). By Lemma B(IIT), we know that ¢,U* "4y € cl(¢). So if
(B) holds true, that is, there is 0 < o’ < o' such that ¥ € p(a + o) and for
every 0 < < o, i1 € pla+ ), then ¢1U¥ ¥y € p(a). Indeed, by (mc8),
V10N, € p(a+ o) and by (me7), U = 4y € pla+ a”).

The proof is by structural induction on o”.

Base case 2: o' = 0.

Immediate.

Induction step 2.

We distinguish two cases depending whether o’ is a limit ordinal or not.

Case 1: o = a* + 1.

Since o/ — (a* +1) = (¢/ — a*) — 1 and by hypothesis, 1 € pla + o*) and
XL U@ =)= 10) € pla + a*). By (mc6), ¥ U@ =)y, € p(a + o*) and by
induction hypothesis, 11U ¥ € p(a).

Case 2: & is a limit ordinal (tail(a”) > 1).
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Suppose that o/ = a* 4+ w'@@”") x n for some n > 1. There is a limit transi-
tion Z — (r(a + ), tail(¢”)) in Ay such that inf(a + o”’,r) = Z. By (mc4),
X0(r U~ 4hy) € p(a+ o). By (A5), for every (Y,n/) € Z,

tail(a'’) o
“ (10" 7" ahy) € Y.
Since inf(o+ o ,r) = Z, there is 8 > a* + w'* ") » (n — 1) such that for every
B<y<ad r(a+7) € Z. Hence, for every 8 < v < o, X“’m“(a”)(won‘Lo‘”wz) €
pla + 7). Since (A) implies (B) and by hypothesis, for every 8 < v < o,
1 € p(a++), we have that for every 8 < v < o”, ﬁ(TU“’m“(a”)ﬁwl) € p(a+7). So
by (mc6), wlU‘“m“(a”)*(o‘l’o‘”)wg € pla+ ) for every < v < a”. Since for every
B<~y<a’ y+w®ile) =" we have w'@") 4 (o/ — ) = o/ —~. Hence, for
every f <~ < o, YUY )y € p(a+7). In particular, ¢, U Py € p(a+ 3). By
induction hypothesis, 11U 15 € p(c).

X

Induction step 1: sum(a’) > 2.
By (mc6), Y1U* 92 € p(a) iff
(

e cither z/JlU‘“Nz/Jg € p(a),
o or =(TU" —gpy), X" (U =" 4hy) € p(a)

where N = head(a’). Since sum(w?) < sum(a’) and sum(a/ —w?) < sum(a’), by
induction hypothesis we obtain that either there is @ < o < a+w? such that 1y €
p(a’") and for every o < 8 < o, 91 € p(B) or for every a < 3 < a+w!V, ¥ € p(B)
and X*" (1)U =" 4by) € p(a). Since p satisfies (hin3), X" (U " 9y € p(a)
iff (1/)1U°‘,*“’N1/)2) € p(a + w"). By induction hypothesis, we obtain that for every
a< B <at+wV, P € p(B) and X“’N(z/JlUO‘L“’N?/Jg) € p(a) is equivalent to: for
every a < 3 < a+w, 9 € p(B) and there is a + w" < o’ < a+ o such that
s € p(a’) and for every a+ w®™ < B < o, 1 € p(B3). Hence, (B) holds true.

(IT) Now we show that for every Hintikka sequence p for ¢, the sequence 7 : w41 —
Q defined by r(o) = (p(a), tail(e)) is an accepting run of A,. For technical reason,
suppose also that 7(w* + 1) takes an arbitrary value of the form (X, k). Observe
that

e (p(0),0) € I since ¢ € p(0) by (hinl),
o (o) k) € F,
e for every 0 < a < w¥, (p(a),tail(a)) — (p(a+ 1),0) since p satisfies (hin3).

The only property that really deserves to be checked is that for every limit ordinal
a, inf(a,r) — (p(),tail(a)) is a valid limit transition of A,. We write a =
o 4+ w(@) x n for some n > 1. Since « is a limit ordinal, we also have tail(a) > 1:
condition (A6) is satisfied.

Observe that

inf(a,r) C{r(8) : a* +w'® x (n - 1) < B < a}.
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So for every (Y,n') € inf(a,r), n’ <n — 1: condition (A4) is satisfied.
Since
{’I”(Oz* +wtail(a) ~ (n _ 1) _'_wtail(a)fl % ’L) i > 0}

is finite, there is m > 0 such that r(a* +w'@ @) x (n—1) 4wt D)=L xm) € inf(a,r):
condition (A8) is therefore satisfied.

Let B be such that a* 4+ w'®) x (n — 1) < B and r(B) € inf(a,r). We have
B+ w'eil(®) = o and by satisfaction of (hin3), for all o > W) and X*'4) € cl(¢),
Xy € p(B) iff X/ =y e p(a). Hence, condition (A5) is satisfied.

It remains to check that condition (A9) holds true. Let 3 be such that a* +-w!@(@) x
(n—1) < Band r(3) € inf(o,r), & be such that o > w'H ) and U by € cl(¢).
Since r(8) € inf(a,r), there is a countable family of ordinals (5;);en such that

L4 60 = 67
e for every i > 0,
- r(B;) =r(B),

— 0i < Biy1 < a.
e for every 7 such that o + w'**®) x (n —1) < v < a, there is j > 0 such that
v < B
By satisfaction of (mc6), 11U ¢ € p(f) iff either

tail(a)

P U 1y € p(B), or

tail(a) tail(e) tail(a)

1), X (U = ) € p(B).
e & p(a). By satisfaction of (A5), we get

—(Tu*

tail(a)

Suppose that ge’ —w

tail(e) _tail(a)

(10 Ya2) & p(B).

So 10 ¢hy € p(B) if U< ey € p(B). TE 11UV b & p(B) then r(B) € Py yary, -
Otherwise, for every i > 0, 91Uy € p(B3;) and therefore for every i > 0,
1/)1U°Jm“(a)¢2 € p(B;). Since for every ¢ > 0, f; + wteil(®) = o by satisfaction
of (hind), we obtain that for every i > 0, there is 3; < B/ < a such that 2 € p(5}).
So there is a family of ordinals (5;, );en such that

tail(a)

° 51’50 = ] for some [ > 0,

e for every i > 0,

= r(B,) =r(B),

= By, < B, <o

e for every 7 such that o + w'**®) x (n —1) < v < a, there is j > 0 such that
v < B,
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Consequently, r(5]) € inf(a,r) and ¢ € r(5]), which means that r(8;) € P, ya',,-
Hence, condition (A9) is satisfied. O

Appendix E: Proof of Lemma

The EXPSPACE upper bound can be obtained by designing an obvious exponen-
tial space translation into LTL which is known to be PSPACE-complete [42]. Indeed,

n times
—
1. X"¢ is equivalent to X ---X ¢,

2. $1U% ¢ is equivalent to ¢1U¢pe, and

3. ¢1Upa (n > 1) is equivalent o V (1 AX(p1U" L)) and ¢1U%s is equivalent
to L.

In order to show the EXPSPACE lower bound, we present a reduction from the 2"-
corridor tiling problem that is EXPSPACE-complete, see [44] and references therein.
A tile is a unit square of one of the several tile-types and the tiling problem we
considered is specified by means of a finite set T of tile-type (say T = {t1,...,t}),
two binary relations H and V over T and two distinguished tile-types tinit, t final €
T. The tiling problem consists in determining whether, for a given number n in
unary, the region [0,...,2" — 1] x [0,...,k — 1] of the integer plane for some k can
be tiled consistently with H and V, t;,; is the left bottom tile, and t 4 is the
right upper tile.

Given an instance I = (T, tinit, t final, n) of the tiling problem, we build a formula
¢r such that I = (T, tinit, t final, ) has a solution iff ¢; is LTL(w) satisfiable. For
t € T, we introduce the propositional variable p;. Additionally, we introduce the
variable pe,q stating that the end of the tiling plane is reached and ppewiine stating
that a new line starts. The formula ¢; is the conjunction of the following formulae:

e The region of the integer plane for the solution is finite:

“Pend N (_'pendUw (pnewline A Gwpend))-

There is exactly one tile per element of the plane region:

Gw(_'pend = \/ (pt A /\ _‘pt/))-

teT ' #t

Constraint on the right upper tile:

F* (Dt inar A X' Pena)-
e Constraint on the left bottom tile:
Dnewline N\ Dtinie -

New line:

G* (pnewline = XQ pnewline) A le(TUQ 71pnewline)
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e Horizontal consistency:

not the last element of a row

—N—
Gw(( (ﬁxlpnewline) /\ﬁpend) = /\ (pt = \/ lethor))-
teT (t,thoryEH

e Vertical consistency:

not on the last row

Gw( /\ (pt A “Pend AF¥ (Xlﬁpend A lenewline)) = \/ X2nptuw)-
teT (t,tyer)EV

One can show that the instance I = (T, t;nit, t final, 1) has a solution iff ¢ is LTL(w)
satisfiable. O

Appendix F: Proof of Lemma
Let 7 be a run of length w* (r(0) € I). There is a rule P — ¢’ € E such that

e I(¢) =K and r(w*) = ¢’ (by Lemma [),
o inf(wk,r) =P,
e there is n > 0 such that P = {ge Q: > w¥ ' x n, r(8) = q}.

w* ~1xn is the ordinal after which all states () with 3 > w¥ ~!xn occurs infinitely
often. Suppose there exist ni,ny > 0 such that ny < ny < n and r(wklfl X ny) =
r(w* =1 x ny). Then 1’ defined below is also a run of length w* with +/(0) € I:

e for every g < w1y, (8) = r(8).

e for every 3 > w¥ =1 x ny such that its normal form is w* =1 x 0/ +~, r'(8) &
r(w’“/_l X (nf +(n2—mn1))+7). Westillhave P={qeQ: 3> Wk =1 % (n—
(n2 —n1)), 7(B) = q}-

By applying this transformation an adequate number of times (at most n times),
we can assume that n < |Q| and we fix K = n.

Now we shall define K’. Assume that P = {qq,...,¢s}. We order the members
of P by decreasing level and the states with identical level are arbitrarily ordered.
We introduce for technical reasons an artificial state ¢s+1 equal to gg. Without any
loss of generality, we can assume that r(wk/_l x n) = qo. We define

e a family (n;)o<i<s+1 of natural numbers such that 0 < n;41 —n; < |Q|,

o families (f;)o<i<s+1 and (8!)o<i<st1 of ordinals smaller than Wk such that
the normal form of ; is w* =1 x n; + 3.

The base case ¢ = 0 is defined as follows: Gy = Wk =1 x n, ng = n and B = 0.

Then, let us define n;41, Bi41 and Gj ; assuming that n;, §; and 3 are already
defined. Since inf(wk/,r) = P and ¢;41 € P, there is 3,41 > Wk 1 x n; such that
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r(Bit+1) = qi+1 and Biy1 = Wk =1 x niy1+ Bi ;- By applying a reasoning similar to
the one showing that K < |@Q|, we can assume that n; 1 —n; <|Q)|.

Consequently, there are families (1;)o<i<s+1, (8i)o<i<s+1 and (8})o<i<s+1 such
that for every ¢ € {0,...,s+1}

o Bi=wF "l xn;+ 4,

o 7(8i) = qi,

e 0<m;y1 —n; <|Q| for every 0 < i < s.
Hence ngy1 — no < |Q|?>. We fix K’ = ngy1 — ng. Then 7 defined below is also a
run of length w* (r(0) € I):

o for every f < w’ 1 x (K + K'), 7 (3) ¥ r(8).

e for every § > w1 x (K + K') such that its normal form is w* = x n’ +~,
7 (B) & (w1 x (K +m) +7) with n’ — K =g m for some 0 < m < K’ —1.

K —

Observe that P = {q : K < " < K+ K', '(8") = ¢q}. Hence 7’ satisfies the
properties stated in Lemma O

Appendix G: Proof of Theorem

In the unary case, the PSPACE lower bound is a consequence of the PSPACE-
hardness of LTL 2] whereas in the binary, EXPSPACE-hardness is a corollary of
Lemma

As far as the upper bound is concerned, in the unary [resp. binary] case, Aj, is
of size exponential [resp. doubly exponential] in |¢| and requires only polynomial
[resp. exponential] space to be built. By adapting the proof of [B, Corollary 3.36]
and by considering Corollary Bl and Lemma [, we obtain that given ¢, testing the
emptiness of L(A,) can be done in PSPACE [resp. EXPSPACE]. O

Appendix H: Proof of Theorem H]

We show EXPSPACE-completeness with the binary encoding, the proof of the
PSPACE-completeness with unary encoding being quite similar.

In order to establish, EXPSPACE-hardness, let us consider a deterministic Turing
machine M = (%, Q, qo, §) with transition function § : Q x ¥ — Q x X x {—1,0,1}.
@ contains the special states for acceptance (called accept here), rejection and
halting. Similarly, we assume that the alphabet ¥ contains the blank symbol blank
and the left marker >. Finally, we assume that once the machine enters in the
acceptance state, it loops on it without moving the read/write head and without
changing the tape content. In order to show EXPSPACE-hardness, we suppose that
M runs in space 27" with n the size of the input for some K > 1.

Let ¥/ be the new alphabet ¥ x (@ x X) for the automaton A below:
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E/

®

with unique limit transition {0} — 0. The ordinal automaton A recognizes all
the a-sequences o — Y’ and in particular all the sequences w® — .

Let = 1, ..., %, be an input over the alphabet 3 \ {t>, blank}. The conjunc-
tion ¢ of the formulae below encodes the existence of an accepting run of M on
input x so that A |= ¢ ifft M has an accepting run on input z. The formula ¢ is the
conjunction of the formulae below.

e Input word is x:

’VLK
> AXNqo, 1) AX2xo AL  AX"2, AX"G? T"blank.

Reaching accepting configuration:

F( \/ (accept,a))

a€X

Updating configuration (“the head is far away”):

w 1 2 o™
(A (anx'bAX’c) =X b).
a,b,ceX

Move of the head to the right:

’VlK nK ’VlK
o ( A (aAX g, b) AX%e) = X2 anx® T AXY T2 b)),
a,b,c,q,6(q,b)=(q",b",1)

Similar formulae for the move to the left and for no move.

Now, let us show that model-checking for LTL(w*) is in EXPSPACE by reducing
model-checking to satisfiability in logarithmic space. Let A = (Q,X,0, E, I, F) be
an ordinal automaton and ¢ be an LTL(w") formula such that ¥ is a subset of
2AP(#) and AP(¢) is the set of propositional variables occurring in ¢. Let A’ =
(Q',¥',§,E',I' F') be the ordinal automaton below:

e Q'=Qx{0,....k}, Y =%,
o I'=1x {0}, F' =F x {k},
o (g,i) S (g, ed E ¢S q s, i =0,

ef

e P — (g F E i>0 max{j:(¢,j) € Pl =i—1and {¢ :(¢,j) €
P} —-q€E.
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This stratification of the states in A’ guarantees that L(A’) = L(A)NE“". Observe
that card(E’) is less than card(E) x card(Q)* which is still polynomial (k is fixed).
Hence, A’ can be computed in logarithmic space in |A|. Now let us encode the
accepting runs of A’ by an LTL(w") formula ¢ 4 that is a conjunction of the formulae
below over the propositional variables in AP(¢) U Q’. For a € X, by the formula a

we mean /\peap A /\pG(AP(¢)\a) P

e Initial state:

V

qel’

Final state:

Vo (A N\ e

P—qcE’' qeF’ q'c€P q'€(Q'\P)

Any position is labelled by a unique state:

¢\ (an N\ )

qeQ’ q'#q

Any position is labelled by a letter in X:

G“’k\/a

a€X

One-step transitions:

ka( /\ q/\a:> \/ qu/)

qeQ’,a€X qin]/e(;/

For each set of states P with limit transitions P — {(q1,i),..., P — (qn,1%)
and ¢ > 0, we have:

(N PN N\ F ) =X (@ VL V)
gep 7 E(Q\P)

We have A = ¢ iff g4 A ¢ is LTL(w") satisfiable, whence the EXPSPACE upper
bound. O

Appendix I: Proof of Theorem

In order to establish Theorem B we first show the lemma below.
Lemma 1.1 The class of languages recognized by x-succinct ordinal automata of
level k is closed under intersection.
Proof.

Let ./41 = <6217 E, 61, El, Il, Fl, ll> and A/ = <Q2, E, 52, EQ, Ig, FQ, l2> be z-succinct
ordinal automata of level k& over the alphabet . We define the intersection x-
succinet ordinal automaton A = (Q, %, 4§, E, I, F, 1) as follows:
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o Q:Q1XQ271211XIQ,F:F1XF2.
o {(q1,q2) — (d}.qh) € 6 iff ¢t > ¢} € 61, and g2 = ¢} € 0.

e For every (Py, P1,...,Pn,q) € By and (Ro, R1,...,Rm,q) € E2 such that
Ii(q) =12(¢), (P}, Py,...,P.,R},RY,...,R..,{(¢q,q')) € E with

=P/ ={(rr")eQ:reP,r el L) =10}
- Ri={(rr)€Q:1r" € Ri,r € Q1, Li(r) =1(")}

Observe that n +m < |Q].

The automaton A can be viewed as the synchronized product between A4; and A,

and L(A) = L(A;) N L(Ay). 0

Hardness is by an easy verification from the complexity of the standard com-
plexity results for the model checking fo LTL(w*).

As far as the upper bound is concerned, in the unary [resp. binary] case, A x A:b
is of size exponential [resp. doubly exponential] in |¢| and requires only polynomial
[resp. exponential] space to be built, see Lemma [[Jl By adapting the proof of |6,
Corollary 3.36] and by considering Corollary Bl and Lemma [[, we obtain that given
an x-succinct ordinal automata A of level k and a formula ¢ in LTL(w"), testing
the emptiness of A x A can be done in PSPACE [resp. EXPSPACE]. O

Appendix J: Proof of Proposition

The proof is by an easy verification by observing that ¢ = ¢’ in A iff there is
a path 7 : ¥~ +1 — Q in lift, (A) such that 7(0) = (k — 1,q), 7(1) = (0,¢') and
rwh 1 = (k- 1,¢). 0
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