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Abstract. In distributed real-time systems, we cannot assume that clocks are
perfectly synchronized. To model them, we use independent clocks and define
their multi-timed semantics. The universal timed language, and the timed lan-
guage inclusion of icTA are shown undecidable. Thus, we propose Recursive
Distributed Event Clock Automata (DECA). DECA are closed under all boolean
operations and their timed language inclusion problem is decidable (more pre-
cisely PSPACE-complete), allowing stepwise refinement. We also propose Re-
cursive Distributed Event Clock Temporal Logic (DECTL), a real-time logic with
independent time evolutions. This logic can be model-checked by translating a
DECTL formula into a DECA automaton.

1 Introduction

Real-Time Distributed Systems (RTDS) take an increasingly important role in our soci-
ety, including in aircrafts and spacecrafts, satellite telecommunication networks or posi-
tioning systems. Distributed Systems consist of computer systems at different locations,
that communicate through a network to achieve their function. Real-Time Systems have
to obey strict requirements about the time of their actions. To ensure these, they rely on
clocks. When systems are widely distributed, we cannot assume that their clocks are
perfectly synchronized.

One of the most successful techniques for modeling real-time systems are Timed
Automata (TA) [2]. A timed automaton is a finite automaton augmented with real-
valued clocks. Constraints on these clocks are used to restrict the behaviors of the au-
tomaton. The model of TA assumes perfect clocks: all clocks have infinite precision and
are perfectly synchronized.

This causes TA to have an undecidable language inclusion problem [2]. The situ-
ation contrasts strongly with the one of automata without real time, where the prob-
lems of complementation, language inclusion, emptiness, union and intersection are
decidable, as well as the satisfiability and validity of propositional linear temporal
logic (LTL). These properties are the basis of the success of model-checking. When
all these problems are decidable, we call the formalism (automata or logic) fully de-
cidable. These negative results spurred a quest for expressive but still fully decidable
formalisms.



To restore decidability, [4] proposed to restrict the behavior of clocks. The key idea
is that the problematic clocks of TA are reset by non-deterministic transitions. In con-
trast, an event clock (EC) z,, is reset when a given atomic proposition p occurs. The
event clock values are deterministic and thus Event Clock Automata ECA are deter-
minizable, making language inclusion decidable and thus enabling refinement based
development. Event clocks can also be introduced in temporal logic [15]. An event
clock constraint is naturally translated into a proposition <1;p, that means “the last time
that a p occurred was d time units ago, where d lies in I””. However, the expressiveness
of ECA is rather weak. Furthermore, this logic violates the substitution principle: Any
proposition should be replaceable by a formula.

Therefore [9] introduced the notion of “recursive” event. In a recursive event model,
the reset of a clock is decided by a lower-level automaton (or formula). This automa-
ton cannot read the clock that it is resetting. Clock resets are thus still deterministic,
but the concept of “event” is now much more expressive. I>; and <I; are modalities
that can contain any subformulas, and can be nested. The temporal logic of recursive
event clocks (variously called SCL [15] or EventClockTL [9]) has the same expressive-
ness as Metric Interval Temporal Logic MITL [3] (a decidable fragment of MTL where
punctual constraints are forbidden) in the interval semantics. First-and second-order
monadic logics with matching expressiveness have been provided [9], yielding a natu-
ral, robust, fully decidable level of real-time expressiveness. In this paper, we remove
the assumption of perfect clock synchronization. Here, inspired by [6, 10, 1], we study
the worst case: the clocks can advance totally independently if they are in different pro-
cesses. While [1] only studied untimed languages, namely the universal and existential
languages, here we define and study the corresponding timed languages. [13, 8] studied
the opposite case, where the difference between clocks (drift) is infinitesimally small.

Our first contribution is to extend the Recursive Event Clock Automata (RECA)
with such distributed (a.k.a independent) clocks, yielding the Distributed Recursive
Event Clock Automata (DECA). We will show that DECA are determinizable, thus
closed under complementation, and thus that their language inclusion problem is decid-
able (more exactly, PSPACE-complete). We also show the decidability and regularity
of their universal languages.

Our second contribution is to extend EventClockTL with distributed clocks. This
gives us the (Recursive) Distributed Event Clock Temporal Logic (DECTL), which we
show to be PSPACE-complete.

Structure of the paper. The rest of the paper is organized as follows. Sections 2
and 3 recall preliminary notions. Section 4 extends the semantics to multiple timed
languages. Section 5 defines DECA and studies their properties. Section 6 examines
real-time temporal logics: it recalls EventClockTL [15], then introduces and studies
DECTL.

2 Preliminaries

We briefly recall the various models of time that are used in the literature [5]. We present
our results in the interval semantics, that is the richest and most natural (but also most
difficult) model. We also recall clocks and their constraints.



2.1 Models of time

Models of time can be linear, considering a single future, or branching, considering
several alternative futures. We only consider linear time in this paper. Our goal here is
to model real-time systems, and thus we use the real numbers as our model of time.
This avoids a premature commitment to a specific discretization of time. In this paper,
we use the interval semantics, where the state of the model is known at any point in
time, as opposed to point semantics, where it is known only at events.

Let P be a finite set of propositional symbols. A letter is an element of a finite set 3.
In this paper, we choose to define a letter as propositional valuation over P, so we pose
Y = 2P Let N be the set of natural numbers, R denote the set of real numbers, R>g
the set of non-negative real numbers. We use the interval semantics. We denote by Zg_
the set of real intervals whose bounds are in R>q. An interval I € Zg., is a convex
subset of R>¢. Two intervals I and I’ are said to be adjacent when they are disjoint:
INI'=0and I UIis an interval. An (alternating) interval sequence is a sequence
I = Iyl; -+ of non-empty intervals of Zg. , where : (i) [p = {0}; (ii) singular and
open intervals alternate; (iii) successive intervals T jand I, are adjacent for all j > 0,
(iv) if infinite, the sequence of intervals is progressive, i .e., for every t € R, there
exists j € N such that ¢ € I;. A interval state sequence p can equivalently be seen as an
sequence of elements in 2 x Zp . It can also be seen as a signal, i.e. a function from
R to states: Let p = (o, 1) be a interval state sequence and given { € RT, leti € N
be the interval such that ¢ € I;. We define p(¢) as the state o;. A signal derived from an
ISS will always have finite variability. Below, our automata will consider two ISS that
define the same signal as equivalent, even if the intervals might be split differently. Our
automata assume finite variability. In Section 4, we will extend this model to several
time scales.

2.2 Clocks

A clock is a variable that increases with time. Thus, the value of a clock is the time
elapsed since its last reset. When we use continuous time, there is not always a “last”
reset, e.g. when the reset holds in an open interval. For this case, we will use non-
standard clock values of the form v, intuitively meaning that the clock was reset just
v units before. The set of non-standard real numbers, noted Rio, is the set of {v, v " |
v € Rxg}, ordered by <, as following: v; <, v; iff v; < wvso. The addition
is commutative, and vy” 4+ ve = (v1 + ve)". RT is RE, plus a special value L for
uninitialized clocks. L is not comparable to other values, and is absorbing for addition.

Let X be a finite set of clock names. A clock valuation over X is a mapping v : X —
RI. For a valuation v and a time value t € R>, let v + f denote the valuation such that
(v +1)(x) = v(x) + ¢, for each clock x € X.

The set of constraints over X, denoted &(X), is defined by the following grammar,
where ¢ ranges over #(X),x € X,c e Nand ~ € {<, <, =, >, >}

pu=true|x~c| P A b2

We write v = ¢ when the valuation v satisfies the constraint ¢. When x has the value
1, we evaluate x ~ c to false.



3 Automata Background

Based on time and clocks, several variants of timed automata have been proposed after
the seminal Timed Automata TA [2]. Below, we review briefly icTA [1] and RECA [9],
that are the basis of our DECA.

3.1 Timed Automata

A Timed Automaton (TA) [2] is a finite state automaton augmented with clocks: real
variables that can be reset to 0, and otherwise increase at a uniform rate. Time is thus
global, and clocks are perfectly precise and synchronized. Our definition of TA has the
following minor peculiarities:

1. We use a continuous signal semantics throughout the paper, i.e. the state is a func-
tion of time.

2. In particular, we do not allow to be in two locations, or to make two transitions, at
the same time. Time strictly increases along an ISS, as in [2].

3. We observe states, rather than actions, to link with temporal logics.

4. We implicitly allow e-transitions [7], that were absent from [2].

Definition 1. A Timed Automaton is a tuple A = (X, X, S, s0, =14, Inv, v, F), such that:

(i) X, a finite alphabet.
(ii) X, a finite set of positive real variables called clocks.
(iii) S, a finite set of locations.
(iv) so € S, the initial location.
(v) = C S x B(X) x 2X x S, a finite set of transitions.
(vi) Inv : S — O(X) gives the invariant.
(vii) v : (S U =) — X, alabelling of locations and transitions.
(viii) F', an acceptance condition. For instance, for finite acceptance, we have F C S, a
set of final locations. We also use Biichi (where F C S) or parity conditions (where
F:S—N)

TA are neither determinizable nor complementable. Their emptiness problem can be
solved using the region construction, but their inclusion problem is undecidable [2].

3.2 Timed Automata with Independent Clocks

Distributed Timed Automata (DTA) [10, 1] consist of a number of local timed automata.
Each automaton owns clocks. The clocks of a process evolve synchronously, but inde-
pendently of the clocks of the other processes. The clocks belonging to one process can
be read by another process, but a clock can only be reset by its owner process.

Definition 2. A DTA is a tuple D = (Proc, A, ), such that :

(i) Proc is a nonempty, finite set of process labels.
(ii) Ais an indexed set of Timed Automata, A = (Ay)geproc-
(iii) =: U eproc Xg — Proc maps each clock to its owner process.



where A, can only reset owner clocks and A, = (Eq,Xq,Sq,SS,—>q,Iq,’yq,Fq) are
Timed Automata.

Note that a process can read a clock of another process, since the ¢ need not be
disjoint. In [1], DTA are not much studied. Instead, their product is first computed,
giving rise to the class of Timed Automata with independent clocks (icTA). iCTA assume
a signature. A signature is a pair (Proc,P), where Proc is a nonempty finite set of
process labels, and P is a finite set of propositional symbols, from which we define
X = 2P For a tuple ¢ that is indexed by Proc, t,, refers to the projection of ¢ onto p €
Proc.

Definition 3. An icTA is a pair (A, ), where Aisa TAand 7 : X — Proc maps each
clock to a process.

The semantics of DTA, icTA, and our DECA, depends on the local evolutions of
time. This is modelled by a tuple 7 = (7,)4eprc Of local time functions. Each local
time function 7, maps the reference time to the local time of process g, i.e, 7, : R>¢o —
R>g. The functions 7, must be continuous, strictly increasing, and divergent, and satisfy
74(0) = 0. The set of all these tuples 7 is denoted by Rates. We can also consider 7 as
a mapping to a tuple of local times: 7 : R>¢ — (R>0)"™¢. Note that the reference time
is arbitrary.

Definition 4. Given a clock valuation v : X — R>¢ and a delay tuple t € RProC the
valuation v + t is defined by (v +t)(x) = v(x) + tr () for all x € X.

A run of an icTA A for 7 is an alternating sequence of states and transitions ¢ Lo,

q1 d—1> q1 + dy <—1> ..., where ¢ > 0, d; is a non-decreasing sequence of values from
R, states are triples of a location, a clock valuation, and lastly the reference time:
g€ Q={(s,v,t) € S x RE) x Ry | v |= Inv(s)}. A run should furthermore satisfy:

1. the starting state is go = (s0, Vo, 0), where v assigns 0 to all the clocks,
2. the transitions must alternate between two types:
— Delay transition, i.e. spending time in a location: g; 4 q; + d, where ¢; =
(Si7 Vi, ti), and q; +d= (Si, v; + (T(tZ + d) — ’T(ti)), t; + d), if the invariant is
continuously true in local time: V¢ €]t;, t; + d[: v; + (7(¢) — 7(8;)) | Inv(s;).
— Discrete transition: following a transition (; = (s;—1,¢,Y, s;) €—ic7a When
the clock constraint ¢ is satisfied. The clocks in Y are then reset. This transition
is instantaneous. (s;—1,V;—1,%;—1) LN (si,vi,t;), such that v;_1 = ¢, v; =
l/ifl[y — 0},151',1 =1;.
3. The acceptance condition is verified, e.g. for a finite automaton, s,, € F'.

Given a run p = (so, v, to) Lo, (s1,v1,t1) ... of A for 7, we define its ISS as
(v(o)s {to}), (v(s1),]t1, t2]), . . .. The language L(A, 7) is defined as the set of ISS
of accepting runs of B for 7, closed under =, the equivalence generated by merging
adjacent intervals with the same labelling. The existential language of A is denoted by
L5(A) = U~ crazes £(A, 7) and the universal semantics of A is denoted by Ly (A) =

mTERates [’(A’ T)'



If |Proc| = 1, then an icTA A actually reduces to an ordinary timed automaton and
we have Ly(A) = L(A, 1) for any T € Rates. Moreover, if |Proc| > 1 and T € Rates
exhibits, for all p € Proc, the same local time evolution, then £(A, ) is the language
of A considered as an ordinary timed automaton.

3.3 Recursive Event Clocks Automata

Recursive Event Clock Automata (RECA) [14, 9] extend ECA [5]. “Recursive” refers
to the fact that the resets of an event clock x5 are controlled by a lower-level automaton
B: When B passes in a monitored location, it resets x;. We present here a version of
RECA for continuous time, where transitions have all properties of locations.

Definition 5. A RECA A of levell € Nis atuple A= (X,C,S,s0, —reca, M,7, 0, F),
such that:

(i) X is a finite alphabet.
(ii) C is a finite set of clocks, of the form x or yp, with B a lower-level RECA.
(iii) S is a finite set of locations.
(iv) so € S is the initial location.
(V) —reca S X S are the transitions.
(vi) M C (SU —ecq) IS the set of monitored locations or transitions: when the au-
tomaton visit such a location, it resets the associated clock.
(vii) v : (SU —reca) = X is a labelling function which labels each location or tran-
sition with a symbol.
(viii) 6 : (SU —peca) — P(C) gives the guard or invariant clock constraints.
(ix) F is an acceptance condition, e.g. a set of final locations, or of Biichi accepting
locations.

Throughout the paper, we assume this uniform naming convention. RECA can be
determinized and thus complemented: They are fully decidable [9].

4 Multi-Timed Languages

Surprisingly, Akshay et al. [1] only consider untimed languages for their timed au-
tomata. We are interested in timed languages, but we have several times here. We thus
define a multi-ISS as a sequence of letters and (local time) interval sequences, one
for each local time in P C Proc: p = (0, (I4)qep)- Let 7p be a rate defined on
P. Given an interval I, we can obtain the corresponding multi-interval 7p(I) by ap-
plying 7p to its bounds, for instance 7p(]t;, ti+1[) =]7p(t;), Tp(ti+1)[. This extends
naturally to interval sequences. Given an ISS p = (o, I) (expressed in the reference
time), its multi-ISS 7p(p) is (o,7p(I)). Let B be an icTA, the language L(B,7),
is defined as the set of ISS of accepting runs of B for 7, closed under the equiva-
lence generated by merging adjacent intervals with the same propositional labelling.
However, ISS is not significant here, since it is expressed in the (arbitrary) refer-
ence time. The multi-timed language L£(B, T, P) is the set of all accepted mulzi-ISS:
L(B,7,P) = 7p(L(B,7)). If we select a subset  of P, we can project a multi-ISS



p = (0, (Iy)qep) to this subset Q, noted p|g = (0, (I;)qeq)- This projection extends
naturally to languages. In particular, the UNTIME operation [2] is the case with P = ().
Note that L(B, T, P)|go = L(B, 7, Q). When there is only one process Proc = {q},
the timed language observed by ¢, L((A, ), 7, {q}), does not depend on 7, and for an
icTA, it is the usual timed language £(.A) of its TA. When 7 is the identity, we also
obtain the usual timed language.

For expressing real-time requirements, we have to choose the process(es) that will
measure the time. When we want to avoid some forbidden timed behaviours, we natu-
rally consult the existential timed semantics: we consider local times as non-deterministic.
If we want a given timed behaviour to be possible whatever the evolution of local times,
we check that it belongs to the universal semantics. Thus we define, for an automaton
B and a subset of its processes P:

— the existential timed language observed by P : L5(B, P) = |, cgues £(B, 7, P)
— the universal timed language observed by P : Ly(B, P) =) L(B,T,P)

T ERates

The untimed languages defined in [1] are the special cases with an empty set of ob-
servers. More generally:

Theorem 1. £5(B, P)|q = L3(B, Q) where Q C P.

Proof.

L3(B, P)lq = ( U L(B,T,P))lq

T ERates

=( U @Bl

=( U {rplo.D) [ (0.1) € LB, 7)}e
T ERates

= ({(o,7p(I)) | (0,I) € L(B,T)) AT € Rates})|q
={(o,79(I)) | (6,1) € L(B,T)) AT € Rates}
= EH(Ba Q)

but for universal languages, we need to prove the following theorems :
Theorem 2. For any icTA B, if |P| > 2 then Ly(B, P) = () where P C Proc.

Proof. We prove this by contradiction. Consider the set of processes P ={p1, pa,...,Pn}
with n > 2, the universal timed language L (B, P) where P C Proc and an ISS p, then
we want to prove that for all 7 € Rates, 7p(p) ¢ L(B, T, P). Assume to the contrary
that for some P = {py,pa,...,pn} with n > 2, the universal timed language Ly (B, P)
= Ny crates LB Ty P) = (N craes TP(L(B, 7)) # 0, then there is p, for all 7 € Rates,
Tp(p) € L(B, 7, P). Consider the ISS p = (7(¢o),{0}), (v(s1),]0,1[), . .., the tuple
of local functions 7 = (7p,, Tp,, ---,Tp,) and since =7, 7p(p) € L(B, T, P), then

we have that =7, 36 that is (sq, o, to) Lo, (s1,v1,t1) ... arun of B, where 7p(p)



= 7p(ISS(0)). Given B, 7 € Rates and p = (v({o), {0}), (7v(s1),]0,t1[), ..., we have
that Tpy (tl) = tp1 with K1 S tpl S K2, Tp, (tl) = tp2 with K1 S tp2 S K2, ... Tp, (tl) =
tp, With k1 <1, < Ko, where we assume due to the construction that 1, Ko are both
integer and for each 1 < i < n, tp, € [k1,Kal|. Let 7, (t) =tp, - t, Tp, (1) =2-tp, - L, ..,
Tp, (£) =n-tp, -timpliest,, -t; =t, thent; = 1,2-t,, -t1 =tp, thent; =1/2,..,
n-t,, -t =tp, thent; = 1/n which is impossible and contradicts that Ly(B, P) # (.

Theorem 3. For some icTA B with final states F # 0, if |P| < 2 then Ly(B, P) #
where P C Proc.

Proof. We prove this by contradiction. Consider the set of a single process P = {p}
and the universal timed language Ly (B, P) where P C Proc and an ISS p, then we
want to prove that for all 7 € Rates, Tp(p) € L(B, 7, P). Assume to the contrary that
for some P = {p}, the universal timed language Lv(B, P) = [\, cpues L(B, T, P) =
(M cRates TP(L(B, 7)) = 0, then there is p, for all 7 € Rates, 7p(p) ¢ L(B, T, P). Con-
sider the ISS p = (v(¢o),{0}), (7(s1),]0,t1]), . . ., the tuple of local functions 7 = (7,)

and since =7, 7p(p) € L(B, T, P), then we have that =7, 3¢ that is (so, o, to) L0,
($1,v1,%1) ... arun of B, where 7p(p) = 7p(1SS(0)). Given B, 7 € Rates and p =
(7(¢0), {0}), (7(s1),]0,t1[), - - ., we have that 7, (1) = ¢, with k1 < t,,, < ko, where
we assume due to the construction that x4, ko are both integer and ¢, € [K1, k2. Let
7p(t) =t, - t, implies ¢, - t1 = t, then ¢; = 1, which contradicts that Ly(B, P) = {).

Theorem 4. Ly (B, P)|q C Ly(B, Q) where Q C P.

Proof. Consider the set of processes P = {p1,pa,...,pn} With n > 2, the universal
timed language Ly (B, P)|g where Q C P C Proc and 2 < |@Q] < n, then we want to
prove that Ly(B, P)|g C Lv(B, Q).

Ly(B.P)lg=( [ LB,7.P))lq

T ERates

Theorem 5. For any icTA B, L3(B, Q) is the language of an icTA on Q.

Construction 1 The existential timed languages can be computed by a variant of the
region construction, of which the construction of [1] is a special case. Let ¢ € Proc
be a process whose clocks we want to eliminate, i.e. we have an iCTA B on Proc
and we would like to construct an iCTA on Proc \ {q} whose existential language
is L3(B, Proc \ {q}). We construct the region equivalence, but on the clocks of ¢
only. This gives a region iCTA without the clocks of ¢, and where the locations are
now a pair of an original location and a region constraint on clocks of g, which has
the required language. If we want to eliminate several processes, we eliminate them
one by one: eliminating several processes together would give a result that does not
reflect the independence of their clocks.

Theorem 6. For any icTA B, L3(B, {q}) is the language of a TA.



Construction 2 The existential timed language can be computed by the region con-

struction [1] of a iCTA for the independent clocks of the single process g € Proc,
whose clocks evolve at of same speed, i.e., they follow the same clock rate, then
our model corresponds to a standard timed automata [2]. We construct the region
equivalence with the clocks of g. A region constraint is of the form Ay, ¢q.
This gives a region iCTA with the clocks of ¢, and where the locations are now a
pair of an original location and a region constraint on clocks of ¢, which has the
required language. We label the region state by /\ qEProc ¢q. Then we mark as final
the locations where all members are final (which, in turn, means that one of their
members is an original final state), to represent that the ISS must be accepted under
evolution of time 7,. The resulting automaton is a TA.

This variety of languages leads to three generalisations of the classical problems of

emptiness, inclusion, intersection and union. First, the 7-wise definitions:

Definition 6. Given icTA or DECA A, B,C,

1.
2.
3.

4.
5.

C is an T-intersection of A, B iff VT € Rates, L(C,T) = L(A,T7) N L(B,T)

C is an T-union of A, B iff VT € Rates, L(C,7) = L(A,7) U L(B,T)

C is a T-complement automaton of A iff V17 € Rates, L(C,7) = L(A, T)¢, where ¢
is the complement operator.

Ais a T-language-included in B iff V1 € Rates, L(A,7) C L(B, 1)

The T-emptiness problem for A is V7 € Rates, L(A,7) =

The existential variant use respectively the existential timed language observed by

P C Proc.

Definition 7. Given icTA or DECA A, B,C,

1.
2.
3.

4.
5.

C is an 3-intersection observed by P of A, B iff L3(C, P) = L3(A, P)N L3(B, P)
C is an F-union observed by P of A, B iff L3(C, P) = L3(A, P)U 3( , P)

C is a 3-complement automaton observed by P of A iff L3(C,P) = L3(A, P)¢,
where c is the complement operator.

A is 3-language-included observed by P in B iff L3(A, P) C L3(B, P)

The 3-emptiness problem observed by P for Ais L3(A, P) = ()

The universal variant use respectively the universal timed language observed by

P C Proc.

Definition 8. Given icTA or DECA A, B,C,

1.

N

@A

C is an V-intersection observed by P of A, B iff Ly(C, P) = Ly(A, P)N Ly(B, P)
. C is an V-union observed by P of A, B iff Ly(C, P) = Ly(A, P) U Ly(B, P)

. C is a V-complement automaton observed by P of A iff Ly(C, P) = Ly(A, P)¢,
where c is the complement operator.

A is V-language-included observed by P in B iff Ly(A, P) C Ly(B, P)

The V-emptiness problem observed by P for Ais Ly(A, P) =0

The 7-wise definitions are indeed the strongest:

10



- A construction for union is the following :

Construct10n3 Let A= (ZA XA A st =AY v FA nA) and B = (58, X5,
SB, 5B, =B, A8 P FB, B) be two icTA, Without Ioss of generality we assume
that the sets of clocks XA and X® (and respectively the sets of locations s4 and SB)
are all pairwise disjoint.

Union Let C = (X, X%, 5% 5§, —=C,.,7C, ImC, F€, 7€) be the icTA defined as
follows:
(i) X¢=xAu X5,
(i) X¢ = x4 U X5,
(iii) SC sAUSE,
(iv) sO = (sg', s5),
(V) Hwta H;‘éta U %zcta’

(i) 7€ = 740",

(vii) Inv® = InvA U Iv®,

(viii) F¢ = FAUFB,

(ix) 7¢ =nAUnB,

The proof of union correctness is the following:

Correctness We need to show that for all 7 € Rates, p € L(C,7) iff p € L(A,T) U
L(B, 7). Assume that p = (v(Co), {to}), (v(s1),]t1,t2]), - - -, (V(sn), [tn—1,tn]) €
L(C,7) is an ISS and an icTA C. Then p originates from some runs 6 = (s§, vg, to)

0 (s$, 11, 1) . LN (sS, Up, t,) of C with regard to 7, where a run is an al-

ternating sequence of states and transitions. The states are triples of a location, a
clock valuation, and lastly the reference time: {(s,v,t) € S¢ x RX, x Rso | v =
Inv(s)}. The transitions must alternate between two types: (i) Delay transition, i.e.

spending time in a location: ¢; 4, q; + d, where q; = (s;,vi,t;), and ¢; + d =
(si,vi + (7(t; +d) — 7(t;)), t; + d), if the invariant is continuously true in lo-
cal time: V¢t €lt;,t; + d[: v; + (7(¢t) — 7(8;)) = Inv(s;). (if) Discrete transition:
following a transition ¢; = (s;—1,¢,Y,8;) €—cta when the clock constraint
¢ is satisfied. The clocks in Y are then reset. This transition is instantaneous.
(Si—laVi—lati—l) C—l> (S“U“ 1) such that v;_4 ': O, V; = Vi 1[Y — 0] i-1 =
t;. For any clock z€ € X¢, v(2€) = 7(t) — 7(t;) where i > 0 is the index of
the last transition which reset clock x€ or is 7(t) if 2€ was never reset. We can
say the C accepts p at time ¢ with regard to T, if there is a run 6 for an equiva-
lent of p that visits an accepting location s € F€ at t and on the rate T, where
we can safely assume due to the construction that, for each 1 < ¢ < n, 38 —>c
s¢. By induction hypothesis we know that p = (v((o), {to}), (v(s1),]t1,2[), - - -,
(Y(8n),Jtn—1,tnl) € (L(A,7) U L(B,7)), then there is an accepting run 6’ =

(stYB g, to) Lo, (sPYB ). Snty (sAYB 1) t,) be the run for p that
visits an accepting location s7*VB ¢ (FA U FB ) at t and on the rate T, where we

can safely assume due to the construction that, for each 1 < ¢ < n, s()“ uB 2, AUB

sAUB_ Firstly, we say that C accepts an ISS p at ¢ with regard to rate 7, if there
is a run 6 for p that visits a accepting location s§ € FC at t. Secondly the clock

11



valuation depends on the ISS p, on the reference time of evaluation ¢, and on the
rate T. It is easy to see that for each 1 < 7 < n the clock valuation assigns a
(non-standard) positive real to each clock variable v; = v;. Thirdly, since s¢_, €
(4 U P) and there exists a transition Cg_l = (86 _5,0,Y,5¢_1) € = 14, there
exists 5298 ¢ (FA U FB) such that s¢ € (FA U F5) and there exists a transition

GAVE = (521, 0, Y, 524) € =i U (5 Sn—1, @Y, 5) € =iipy) where the clock

constraints are satisfied by the valuation 1/ Hence we can adjunct sAUB Ly sAUB

to the run over 4 and B. It follows immediately that C accepts the set of ISS p at
time ¢ and on the rate 7, then the language £(C, 7) is the set of ISS p of accepting
runs of C with regard to 7, and the language L£(A, 7) U L(B, 7) is defined as the set
of ISS p of accepting runs of the union of A and B with regard to 7. We have that
L(C,T)=L(AT)UL(B,T).

- A construction for intersection is the following :

Construction 4 Let A= (ZA4 XA 4 st A, ~AA IvA FA 74) and B = (28, X5,
SB sB B 4B 1B FB B) be two icTA. Without loss of generality we assume
that the sets of clocks X** and X® (and respectively the sets of locations 54 and §5)
are all pairwise disjoint.

Intersection Let C = (X¢ X 8¢ 55, =S, . +C, InC, FC 7€) be the icTA de-
fined as follows:
(i) X°¢=X4AnxB,
(i) X¢ = x4 UxB,
(iii) ¢ =854 x §B,
(iv) s§ = (sg ,sO)
(v) For all s, 32 € SA, 5B, 55 € 85, ¢ = pA A ¢F, and YC = YA
UYB: ((sf,s3Y),0% YC, (s 5)) €—>chm iff there exist transitions
(51 7¢A YA A) € H;‘éta ? ¢67YB ) € Hzcta’
(vi) Forall s7* € SA BesPands eS¢ 4C(s) = 'yA(sl) AvB(s2),
(vii) Im© = I A Inv ,
(viii) F¢ = FA x F5,
(ix) 7€ = A UnB,

B
515
nd (s
S €

The proof of intersection correctness is the following:

Correctness We need to show that for any 7 € Rates, p € L(C,7) iff p € L(A,7) N

‘C(Bv T)' Assume that p= (7(&))7 {tO})a (7(51)3 ]tla tQ[)v ) (’Y(Sn)ﬂ ]tn—la tn[) €
L(C,7) is an ISS and an icTA C. Then p originates from some runs 6 = (s§, vg, to)

Cne
Lo, (s$,v1,t1) ... == (5, v, t,) of C with regard to 7, where a run is an

alternating sequence of states and transitions. The states are triples of a location, a
clock valuation, and lastly the reference time: {(s,v,t) € S¢ x RX, x Rsq | v =
Inv(s)}. The transitions must alternate between two types: (i) Delay transition, i.e.

spending time in a location: ¢; 4, q; + d, where ¢; = (s;,vi,t;), and ¢; + d =
(83, Vi+(7(t; +d)—7(t;)), t;+d), if the invariant is continuously true in local time:
Yt €lti, t; + d[: vi + (7(¢) — 7(#;)) = Inv(s;). (ii) Discrete transition: following a
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transition ¢; = (s;—_1, 9, Y, 8;) €—icta When the clock constraint ¢ is satisfied. The

clocks in Y are then reset. This transition is instantaneous. (s;_1,¥;—1,%;—1) <—>
(siyvist;), such that v;_y = ¢, v; = v;_1[Y — 0], ;1 = t;. For any clock ¢ €
X, v(x€) = 7(t) — 7(t;) where i > 0 is the index of the last transition which reset
clock z€ or is 7(t) if € was never reset. We can say the C accepts p at time ¢ with
regard to T, if there is a run 6 for an equivalent of p that visits an accepting location
s,cl € FC at t and on the rate 7, where we can safely assume due to the construction

that, for each 1 < i < n, s§ ¢ sC. By induction hypothesis we know that p

= (’Y(CO)’{tO})’ (7(51)7]151’152[)’ AR (W(Sn)v]tn—lvt"[) € (L(Av T) N ‘C(Bv T))’

then there is an accepting run 0 = (s¢O8, v to) <> ({08, vl ). Snoty

(sA7B 1! t,,) be the run for p that visits an accepting locatlon 5’4”3 € (F A x FB)
at time ¢ and on the rate 7, where we can safely assume due to the construction that,
for each 1 < i < n, sg\"8 £ 45 s2A7B. Firstly, we say that C accepts an ISS p
at ¢ with regard to rate 7, if there is a run 6 for p that visits a accepting location
s, € FC at t. Secondly the clock valuation depends on the ISS p, on the reference
time of evaluation ¢, and on the rate 7. It is easy to see that foreach 1 < i < n
the clock valuation assigns a (non-standard) positive real to each clock variable
v; = v,. Thirdly, since sfl L € (S x $P) and there exists a transition ¢ | =
(8n—2,8,Y,8,_1) € =5 74, there exists 5715 € (FA x FB) such that s¢ € (FA

FP) and there ex1stsatrans1t1on CANB = ((sﬁ A I ( Sp_1,$ n)) E%wm
iff there exist transitions (s, 0%, YA sy € =A,, and ( sB_ B VB sB) e

—B Acsh B | sBesB o€ =¢pANPPandYC =YAUYD,
where the clock constraints are satlsﬁed by the valuation 1// Hence we can adjunct

sgNB Ly ¢ANB 6 the run over A and B. It follows immediately that C accepts the

set of ISS p at time ¢ and on the rate 7, then the language £(C, 7) is the set of ISS
p of accepting runs of C with regard to 7, and the language L£(A,7) N L(B, 7) is
defined as the set of ISS p of accepting runs of the intersection of A and B with
regard to 7. We have that £(C,7) = L(A,7) N L(B, 7).

for all s7*_,, s

Theorem 7. IfC is an T-union of A, B, then for any P C Proc, L3(C, P) = L3(A, P)U
L3(B, P).

Proof.

L3(A,P)ULs(B,P)=( | LA7P)HU( ] LB P)

=( U mwcammu J meLsBn)
=( U () lpeLanpu

T ERates

( U {re(p) [p € LB,m)})

={(o,7p(D)) | (p € L(A, 7))V (p € L(B,T))

13



AT € Rates}
={(oy7p(I)) [ p € (L(A,T)UL(B,T))
AT € Rates}
={(o,7p(I)) | p € L(C,T) A T € Rates}
:['El(CaP)

Theorem 8. If C is an T-intersection of A, B, then for any P C Proc, Ly(C,P) =
LV(-A7 T) N ‘CV(Ba P)

Proof.

Ly(A,P)NLy(B,P)=( [ LATP)N( () LB, P))

= (T:(:]: TP(L(A,7))) mT(E Rﬁt 7 (L(B,7)))
Ted“{TP )| p€L(B,)})
= (Tefjr:{Tp(p) | (p € LIA, 7)) A

(p € L(B,7))} A T € Rates})
ﬂ {tp(p) | p € (L(A,T)N

T ERates

L(B,7))} A T € Rates})
( m {rp(p) | p € L(C,T) A T € Rates})

T ERates

= Ly(C, P)

Theorem 9. If C is an T-intersection of A, B, then for any P C Proc, L3(C,P) =
L3(A, P)N L3(B, P).

Proof. The 7-intersection of C, follow from the constructions similar to the Theorem

8.

Theorem 10. IfC is an T-union of A, B, then for any P C Proc, Ly(C, P) = Ly(A, 1)U
LV(Ba P)

Proof. The 7-union of C, follow from the constructions similar to the Theorem 7.
We note that the above theorems are valid for the finite version, but also for the

infinite ones, e.g. for Biichi automata, which are determinized to a parity automaton
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[12]. The different classes of union for the infinite version of an icTA can be constructed
similar to the Construction 3. The construction of intersection for the infinite version
of an iCTA can be constructed using the same construction of intersection for the Biichi
automata.

- A construction for intersection for infinite version is the following :

ConstructlonS LetA (EA XA SA st A A A FA rA) and B = (58, X5,
S8, 5B, =B, A8, P, F5, B) be Biichi icTA. Without loss of generality we as-
sume that the sets of clocks X* and X® (and respectively the sets of locations s
and SP) are all pairwise disjoint.

Intersection Let C = (X¢ X 8¢ 55, =S, . +C, ImC, FC 7€) be the icTA de-
fined as follows:

(i) X°¢=XAnxB,

(i1) X¢ =xAUxB,

(iii) SC =854 x 88 x {1,2},

(iv) s§ = (s64,s08,1),

(v) For all s\, s3* € S4, sf‘,s €SB ¢C=¢pANGE, and YC =YAUYE
andi, j € {1, 2} (s ,sl, i), ¢¢, YC, (sf‘,sf,j)) €_>1Ccta iff there exist
transitions (s, ¢4, Y4, s3') € =4, and (s¥, 9P, Y5, s5) € =5, and:
(a) ifi = 1 and s{! c FA ,then] =2, 0r
(b) if i = 2 and sB € FB, then j = 1, or
(c) neither a) or b) above applies and j = i.

(vi) Forall si* € §4, 55 € §8 and s € 8¢, 7C(s) = v4(51) A B (s2),

(vii) Im© = Inv* A P,
(viii) F€ = F4 % §8 x {1},

(ix) 7¢ =nAUunB,

The proof of intersection correctness for infinite version is the following:

Correctness We need to show that for any 7 € Rates, p € E(C, T)iff p € L(A,T) N
L(B, 7). Assume that p = (v(o), {to}), (v(s1),]t1,t2[), ... € L(C,T) is an ISS

and an icTA C. Then p originates from some runs 6 = (s§, vo, to) Lo, (s§,v1,t1)

.. of C with regard to 7, where a run is an alternating sequence of states and transi-
tions. The states are triples of a location, a clock valuation, and lastly the reference
time: {(s,v,t) € S x R, x R>q | v |= Inv(s)}. The transitions must alternate be-

tween two types: (i) Delay transition, i.e. spending time in a location: g; 4 q; +d,
where ¢; = (s;, V4, t;), and ¢; +d = (s;, v;+ (7 (t;+d) —7(t;)), t; +d), if the invari-
ant is continuously true in local time: Vt €]t;, t; +d[: v; + (7(t) — 7(#;)) = Inv(s;).
(ii) Discrete transition: following a transition {; = (s;—1, ¢, Y, ;) €—icta When the
clock constraint ¢ is satisfied. The clocks in Y are then reset. This transition is in-
stantaneous. (s;_1, Vi—1,%i—1) E% (si,vi, 7) such that v;_1 = ¢, v; = v;_1[Y —
0],ti_1 = t;. For any clock 2€ € X¢, v(2€) = 7(t) — 7(t;) where i > 0 is the
index of the last transition which reset clock € or is 7(¢) if 2 was never reset. To
determine whether a run of p is accepting, we consider the set inf(p) C F€ which
is the set of all locations that occur in p infinitely often. We can say the C accepts
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p at time ¢ with regard to 7, if there is a run 6 for an equivalent of p that visits in-
finitely often accepting locations in FC at ¢ and on the rate 7, where we can safely
assume due to the construction that, inf(p) N F€ # ). By induction hypothesis we
know that p = (v(Co), {to}), (v(s1), |t1,t2]), ... € (L(A,7) N L(B, 7)), then there
is an accepting run 6" = (5378, vy, to) Lo, (sA0B 11 1) ... be the run for p at
time ¢ and on the rate 7, where we can safely assume due to the construction that,
inf(p) N FAMB £ (). Firstly, we say that C accepts an ISS p at t with regard to rate
7, if there is a run 6 for p that visits visits infinitely often accepting locations in
FAB at ¢, Secondly the clock valuation depends on the ISS p, on the reference
time of evaluation ¢, and on the rate 7. It is easy to see that for each for ¢+ > 0 the
clock valuation assigns a (non-standard) positive real to each clock variable v; = V;.
Thirdly, since s € (S™ x §5x{1,2}) and there exists a transition (€ = (s, ¢, Y, s )
€ =S, 4, there exists a sA™5 that visit infinitely often to (FA x §F x {1}) such
that s¢ € (S x $% x {1,2}) and there exists a transition (A"8 = (s}, s&,4), ¢€,
Y€, (s3', 55, )) €=S.,, iff there exist transitions (s7', o4, Y4, s5') € =7, and

icta icta
(sB,08, VB s5) € =B, forall s, s5' € $4, 58, s5 € 85, ¢¢ = ¢A A ¢P, and
Y¢=YAUYBandi,j€ {1,2}, and:
(a) ifi =1and sf‘ IS FA, then j = 2, or
(b) ifi =2and sF € FB, then j =1, or
(c) neither a) or b) above applies and j = i.
Hence we can adjunct inf(p) N (F* x $® x {1}) to the run over .4 and B. It follows
immediately that C accepts the set of ISS p at time ¢ and on the rate 7, then the
language £(C, 7) is the set of ISS p of accepting runs of C with regard to 7, and the
language L(A,7) N L(B, 7) is defined as the set of ISS p of accepting runs of the

intersection of A and B with regard to 7. We have that £(C, 7) = L(A, 7)NL(B, T).

However, icTA are not determinizable, not closed under complement, and their in-
clusion problem is undecidable (whether T-wise, existential with at least one observer,
or universal with at most one observer), because TA [2] are a special case of iCTA.

5 Distributed Event Clock Automata

To restore full decidability, we use event clocks [5]. For expressiveness, we use RECA
[9] with independent clocks [1]. The event clock x‘i‘ (or yi) denotes records the time
since the last (resp. next) time that the automaton A could visit a monitored state, mea-
sured in the local time of process q.

Definition 9. A distributed recursive event clock automaton (DECA) is a pair (A, )
where A is a RECA and 7 : C — Proc maps each clock to a process.

Definition 10. A run 0 of a DECA A for a rate T is a pair of sequences (s,I): s
gives an alternation of transitions and locations 01, s1, 02, S, ..., and I is an interval
sequence, such that:

(i) The run starts from the initial state: 61 € {so} x S.
(ii) For alli > 1, the run follows a discrete transition: §; = (8;_1, $i) €E—>reca
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(iii) The clock constraints are satisfied by the valuation of the clocks defined below:
vt € RZOa l/(pa t, T) ': J(G(t))

(iv) It satisfies the acceptance condition, e.g. it visits infinitely often a Biichi accepting
location.

The ISS of a run 8 = (s,I) of a DECA A is the pair (y(s), ). We say that A
accepts an ISS p at ¢ with 7, if there is a run 6§ for an equivalent of p that visits a
monitored location at ¢. This is noted by (¢, p) € L1 (A, 7). This time ¢ will be used to
reset the clock, below.

The clock valuation depends on the ISS p, on the reference time of evaluation ¢,
and on the rate 7. It assigns a (non-standard) positive real, or undefined, to each clock
variable.

74(t) — 74 () if r = max{s < t|(s,p) € LT (B, 7)} exists
v(p,t,m,2l) = < (14(t) — 14(r)) T else, if r = sup{s < t|(s,p) € LT(B,7)} exists
4 else

T(1) — 74(2) if | = min{s > t[(s,p) € LT(B,7)} exists
vip,t, T, yh) = § (T4(1) — 74(t)) T else, if | = inf{s >t |(s,p) € LT(B, )} exists
L else

{b} {a}
2B > 1 0<al<1
ANO<ah <1

{c}

o {ap}

B 0<zg <1
xh > 1 (]

B ANO<zp<l

High Level DECA A Lower Level Automaton B

Fig. 1. Example of DECA from [1]

Example 1. The example of Fig.1 from [1] is in fact both a DECA and an icTA A
over Proc = {p,q}, and the set of propositions P = {a, b, c}. States have an empty
labelling. Both clocks are reset by the initial monitored transition of B. After this, they
may diverge. The existential timed language, here, is read from the automaton:

L5(A, Proc) = ITL' ({(a, 2, t)) |0 < t? < 1A0 < t! <1}
U{(b, ) tH |8 > 1 A0 <t <1FU{(c, ]t |0 <t) <1At]>1}
U{(a,t],th), (0,5, t) |0 <t <1A0<ti <1AtI <t <1nt] <t}
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Here, all universal timed languages are empty: Ly (A, P) = () for P > 2. For instance,
we cannot have (a,t,) € Ly(A,{p}), because there are some 7 where the time of ¢
increases steeply, and gets over 1 before the time of p could reach ¢,. However, the
universal untimed language Lv(A, () is {a, ab}.

5.1 Multi-Timed Languages of DECA

DECA inherit the main property of RECA: they are determinizable. The determiniza-
tion preserves the T-wise, existential and universal languages.

Definition 11. Two states or locations sy, s3 have disjoint labellings iff y(s1) # v(s2)
or there is no clock valuation v such that v |= §(s1) and v = 6(s2).

Definition 12. A DECA or RECA A is deterministic iff all the following conditions
hold:

(i) A has exactly one initial location sy € S and,
(ii) Any two distinct successor locations s; # S3,81 — S2,81 — 83, and with same

labellings have mutually exclusive clock constraints, i.e. for all clock valuation v,
vE 5(83) A (5(52)

Definition 13. A DECA A is complete iff: for any symbol Q) € X, any clock valuation
v, and for any location s € S there is a successor location s; € S with v(s1) = Q and

v = 0(s1).

Therefore, if A is a complete DECA, then for each ISS p, there is at least one
accepting run of A. The determinism ensures that, at each time ¢ during a run, the
choice of the next state is uniquely determined by the current location of the automaton
and (p, 7).

We give the procedure for the construction of a deterministic Det(.A) from the given
a DECA A. This construction is identical to the construction for RECA.

Construction 6 Given A, we construct the deterministic DECA BB = Det(A) as fol-
lows:
(1) The set of propositions used in 5 is the same as the set of propositions used
inA: XB=xA,
(ii) The set of clocks used in B is the same as the set clocks used in A, C® = CA.
(iii) The set of locations of B is the set of non-empty subsets of locations of A
with the same labelling, that is {s1, s, - - , s, } € SP iff :
(@ n=>1,
(b) foralli, 1 <i<n:s; €S54,
(c) forall i, such that 1 < i < j < n, we have that y4(s;) = v (s;).
(iv) The starting location of B is the only initial location of A4, that is, ¢ = SOB
where q € SB, iff:
(a) s= s(j‘, where s € SA,
(b) there does not exists a location ¢’ with

"ITL will add the missing intervals between time points.
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i. v5(¢") =~%(a)
ii. s=¢/,thens= s()“,
iii. ¢ =¢'.

(v) A transition relation, we define (g1, q2) € =5, C B x §Biff:

(a) for all so € g, there exists s1 € ¢y such that, (s1,82) € —>;,‘;m; the loca-
tions in go are —7} -successors of locations in q;,

(b) for all s, € S* such that v (s2) = v8(q2) and there exists 51 € ¢; with
(s1,82) € %jiw, we have sy € ga, 1.e. g2 is the maximal set of locations
that share the label of ¢» and are —>£ca-successors of a location of ¢;.

(vi) Alocation g € sB belongs to the set M? of monitored locations iff there exists
a location of A in ¢ that is monitored, i.e. ¢ € M? iff there exists s € ¢ such
that s € M.

(vii) A transition (q1, g2) € —5,, C % x SB belongs to the set M® of monitored
locations iff there exists a transition of .4 in (g1, g2) that is monitored, i.e. (¢1,
q2) € MP iff there exists (s1, s2) € (g1, g2) such that (s1, s5) € M2,

(viii) The labeling function v5(g) = v (s) with s € ¢, for all ¢ € S°. The locations
q € SP are labelled with the same label as in A.

(ix) The labeling function for a transition relation (g1, ¢2) € =5, and (sy,s2) €
—recar VP ((q1,2)) = 77 (51, 52)) with (s1,52) € (g1, 42), for all (g1, ¢2) €
—5 0 C S5 x SB. The transitions (¢1, g2) € —5 . C SB x B are labelled
with the same label as in A.

(x) The invariant clock constraint 62 (q) = A 6%(s) with s € ¢, for all ¢ € S®. The
locations ¢ € SB are assigned with the conjunction of all the clock constraints
of s € q.

(xi) The invariant clock constraint for a transition relation (g1,q2) € —2_, and
(51,52) € =eeas 0°((a1,42)) = N0 ((51, 52)) with (s1,52) € (q1,¢2), for
all (q1,q2) € =5, C SP x SB. The transitions (q1,q2) € =5, C $5 x 85

are assigned with the conjunction of all the clock constraints of (s1,s2) €

(qla Q2>
(xii) The accepting locations F® C S8,

Now we recall the definition of an equivalence relation between clock valuations

based on the event-recording clocks and event-prediction clocks. An equivalence class
of a clock valuation is called a clock region (of .A). For a clock valuation v, [v] denotes
the clock region that contains v. The set of clock regions of A is denoted by REG(.A).
Let ¢ € Proc. Then, we obtain a notion of of equivalence ~ between two such valua-
tions.

Definition 14. Two clock valuations v, v are in the same region, denoted v ~ v,
fora DECA A = (X,C,S,s0, —reca; M, 7,0, F, &) iff the following conditions are
considered:

(i) vand v agree on which clocks have the undefined value 1. Those clocks are
called undefined. The set of clocks undefined in the clock valuation v is denoted
UND(v). The other clocks are called active. The set of clocks active in the clock
valuation v is denoted ACT(v).
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(i) vand v agree on the integer part of all active clocks that are at most K, where

K is the biggest constant appearing in the clock constraints of the transitions of

A:

(a) For each x € ACT(v), if W)(z) < K or (v')(2) < K implies |v(z)] =

(iii) v and v agree on the fractional part of all active clocks that are at most K :

(a) For an event-prediction clock y, fract(v(y)) = v(y) — |v(y)] and for an
event-recording clock x, fract(v(z)) = v(z) — |v(x)]. For all zy, z5 €
ACT(v) withv(z1) < K and v(z) < K :

(1) fract(v(z1)) = 0iff fract(v' (z1)) = 0,
(2) fract(v(z1)) < fract(v(z)) iff fract(v' (z1)) < fract(v' (z))

A clock region is an equivalence class of clock valuations induced by ~. Each region
can be characterized by the finite set of constraints it satisfies. Now, we say that two
clock valuations v and v/’ over C are equivalent, denoted v ~ voif they are equivalent
when restricted to each process, v, ~, 1/1,) for all p € Proc. The number of clock
regions is finite: 20(IC11°8(IC1-K)) “where |C| the number of clocks, |S| is the number
of locations and K be the largest integer constant that appears in the clock constraints
in A.

The equivalence relation ~, for p € Proc over the clock valuations can be extended
over the set of possible configurations of the DECA. Thus, two configurations are equiv-
alent, i.e. (s1,v1) ~p (s2,12) iff 51 = 59 and 4 ~,, v,. The resulting equivalent classes
of configurations of an DECA A, are captured by the so-called region automaton. The
region automaton corresponding to a given DECA A is defined as a finite state automa-
ton with the state space S x {Reg(A)}, where Reg(.A) is the clock region. The number
of locations in the region automaton is | S| - 20(C110s(IC1-K)) where |C| the number of
clocks, |:S] is the number of locations and K be the largest integer constant that appears
in the clock constraints in .A.

Proposition 1. For every DECA A, Det(A) accepts the same language: LT(A,T) =
Lt (Det(A), 7) then for all A, Det(A) is deterministic.

Proof. Let p be an ISS. We show that there exists an accepting run 6 for p at time ¢ over
A for a rate 7 iff there exists an accepting run ¢’ for the same 7 and p over Det(A). We
are using induction over the length of the runs. Let 6 = (s, Iy), (s1, 1), (82, I2), - -
(8n, I,) be the run for p at time ¢ and on the rate 7 over A, where s are an alternation
of transitions and locations 41, s1, 2, S2, - - -, (Where &; = (8,1, $;) €E—deca), and I;
is an alternating sequence of interval. By induction hypothesis this is possible only if
there exists a run 0’ = (sy, Io), (s, I1), (s3, I2), . .. (s,,, I,) for p at time ¢ and on the
rate T over Det(A), where we can safely assume due to the construction that, for each
1 <i<mn,s; € s, Firstly, we say that A accepts an ISS p at t with rate 7, if there is a
run 6 for p that visits a monitored location at ¢. This time ¢ will used to reset the clock.
Secondly the clock valuation depends on the ISS p, on the reference time of evaluation
t, and on the rate 7. It is easy to see that for each 1 < ¢ < n the clock valuation
assigns a (non-standard) positive real, or undefined, to each clock variable v(p, t,7) 4
=y (p,t, T)pet(4)- Thirdly, since s, 1 € 5;1—1 and there exists a transition ¢; from
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(sn 1, sn) in A, there exists s such that s,, € s and there exists a transmon 6 from
(s,_1,5,) where the clock constralnts are satlsﬁed by the valuation ' (p, t, )Det( A)-

Hence we can adjunct sn 1 bX n» Sp, to the run over Det(A). It follows immediately that
A accepts the set of ISS p at time t and on the rate 7, then the language L1 (A, 7) is
defined as the set of ISS p of accepting runs of A with regard to 7, and the language
L7t (Det(.A), 7) is defined as the set of ISS p of accepting runs of Det(A) with regard
to 7. We have that L1 (A, 7) = £*(Det(A), 7). The other direction of the implication
is proved using a similar argument.

Proposition 2. For every DECA A, Det(A) accepts the same existential language
L3(Det(A), P) = L3(A, P) for any P C Proc then for all A, Det(A) is determin-

istic.
Proof. We can derive this easily using the Proposition 1.

Proposition 3. For every DECA A, Det(.A) accepts the same universal language Ly (Det(A)
P) = Ly(A, P) for any P C Proc then for all A, Det(A) is deterministic.

Proof. We can derive this easily using the Proposition 1.

The theorems are valid for the finite version, but also for the infinite ones, e.g. for
Biichi automata, which are determinized to a parity automaton [12]. The construction
of a Det(.A) for the infinite version of a DECA A can be constructed using the same
construction of deterministic for finite version.

Proposition 4. For every DECA A, Det(A) accepts the same language: LT (A, T) =
Lt (Det(A), T) then for all A, Det(A) is deterministic.

Proof. Let p be an ISS. We show that there exists an accepting run 6 for p at time ¢ over
A for a rate 7 iff there exists an accepting run 6 for the same 7 and p over Det(4). We
are using induction over the length of the runs. Let 6 = (sq, Ip), (s1, 1), (s2, I2), . .. be
the run for p at time ¢ and on the rate T over A, where s are an alternation of transitions
and locations 01, s1, 02, S2, - -, (Where §; = (8;-1, 8;) €E—deca), and I; is an alternat-
ing sequence of interval. By induction hypothesis this is possible only if there exists a
run 0’ = (so,1o), (s, 11), (55, I2), ... for p at time ¢ and on the rate T over Det(A),
where we can safely assume due to the construction that, for: > 1, s; € s; Firstly, we
say that A accepts an ISS p at ¢ with rate 7, if there is a run 6 for p that visits infinitely
often a monitored location at ¢. This time ¢ will used to reset the clock. Secondly the
clock valuation depends on the ISS p, on the reference time of evaluation ¢, and on the
rate 7. It is easy to see that for ¢ > 1 the clock valuation assigns a (non-standard) pos-
itive real, or undefined, to each clock variable v(p,t,7)4 = z/(p, t, T)pet(A)- Thirdly,
since Si—1 € s; 1 and there exists a transition ; from (s;_1, ;) in A, there exists
s such that s; € s and there exists a transmon 5 from (sZ 1,8 ;) where the clock
constraints are satisfied by the valuation v (p7 t, T)pet(.4)- Hence we can adjunct s;_l,

8;, s; to the run over Det(A). It follows immediately that A accepts the set of ISS p
at time ¢ and on the rate 7, then the language £ (A, 7) is defined as the set of ISS
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p of accepting runs of A with regard to 7, and the language £ (Det(A), 7) is de-
fined as the set of ISS p of accepting runs of Det(A) with regard to 7. We have that
Lt(A,7) = L1 (Det(A), 7). The other direction of the implication is proved using a
similar argument.

Theorem 11. DECA is closed under union operation.

(Constructlon 7) Let A = (DA SA gt =3 CA A A MAFA nA) and B =
(X8, sB ,s8 =8 CB,~B, 65, MB FB 7P) be two DECA W1th0ut loss of gen-
erality we assume that the sets of clocks ¢* and CP (and respectively the sets of
locations $* and S%) are all pa1rw1se disjoint.

Union LetC = (3¢, 8¢ 5§, =S ., C°, 7€, 3¢, M, F¢, 7€) be the DECA defined
as follows:
(i) The alphabet in X are as in A, that is £¢ = XA = ¥5,
(i1) The clocks of C are the disjoint union of .4 and B3, that is c¢ =cAuch s
(iii) The locations of C are tuples (s, 1) such that either :
(@) s €84 e (Z€UC) and forall ¢ € (BAUGA), ¢ € piffs €
(yA(s) U 64(s)), which will ensure the coherence of the labelling of
(s, w) with the labelling of s in A,
(b) ors € 85, € (X€U ) and for all s € (2B U 6B), ¢ € piffs €
(yA(s) U64(s)), which will ensure the coherence of the labelling of
(s, p) with the labelling s in B,
(iv) The starting location of C is the following s§ = {(s,u) € S | s =
sgtor s = s5)},
(v) The subset of monitored locations of C is the following set: M€ = {(s, ) €
S¢ s e M or s € MBY,
(vi) The label of the location (s, z1) is simply the set of symbols & : Y€ ((s, it)) =
¢, where ¢ € €, for every (s, 1) € S°,
(vii) The clock constraints of the locations (s, ) in C is the intersection of the
clock constraints of the location (s, 1) in A and the location (s2, i) in
B, that is 6 (s, 1) = 64(s1, ) U 65 (s2, 1),
(viii) The transition relation of C is the followmg subset of §¢ x §¢: »C =

deca
{[(Slvul)a (527M2)] | (517 52) 64>aleca, or (517 52) 6*>deca}’
(ix) The accepting conditions for C is the union of the accepting condition for

A and B, that is F€ = {(s, ;1) | s € FA or s € FB}.
(x) The function that maps each clock to a process in C are the union of A
and B, that is 7€ = 74 U 7B,

Theorem 12. DECA is closed under intersection operation.

(Construction 8) Let A = (24,84, s ,—>deca,CA,7A 64, MA FA 74 and B =
(£8,88 58, =8 CB 4B 65, MB FB,7P) be two DECA. Without loss of gen-
erality we assume that the sets of clocks Cc* and C? (and respectively the sets of
locations S and S?) are all pairwise disjoint.

Intersection Let C = (X€, 8¢ 5§, =S ¢ ~€, 6% M F¢ 7€) be the DECA
defined as follows:
(i) The alphabet in XC are as in A, that is £¢ = XA = X8,
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(ii) The clocks of C are the union of .4 and B, that is C¢ = C* U C7,

(iii) The set of locations of C are the tuples (5%, s*) such that s* € §4, s* €
SB and for all ¢ € (X4 U 64) N (KB UB), s € (vA(s%) U dA(s%)) iff
€ (75(s") U 65(s")),

(iv) The starting location of C is the following s§ = {(s%,s%) € §¢ | s% =
sgt and s* = 5B},

(v) The subset of monitored locations of C is the following set: M€ = {(5%, s°)
S¢ | s* € MA and s* € MP},

(vi) The label locations (5%, s”) of C is the intersection of the label of s in A
and the label of s” in B, that is 7€ ((s%, s%)) = y4(5%) A vB(s?), for every
(5%,5%) € §°,

(vii) The transition relation of C is the following set S¢ x §¢ : =G =
{[(s8,89), (55, 83)] | (51, 5%) €=t V(st = 53) and (s}, s3) €=5.c,
V(st = sb)},

(viii) The clock constraints of the locations (s%, sb) of C is the intersection of
the clock constraints of the location s® in A and the location s® in B, that
is 6C((5,8%)) = 64(5%) A 6B(s?),

(ix) The accepting conditions for C is defined using a generalized Biichi con-
dition : F¢ = {G4,Gp} with G4 = {(s%,s?) | s* € FA} and G =
{(s%,s") | s € FB} and the reduction from a generalized Biichi au-
tomata to Biichi automata is : F¢ = F4 x {1}.

(x) The function that maps each clock to a process in C are the union of A
and B, that is 7€ = 74 U 7B,

Theorem 13. DECA is closed under complementation operation.

Complementation Givena DECA A= (24,84 sg', »4 €A 44 54, MA FA,
74), such that: DECA are closed under complementation since they are deter-
minizable. In the Construction 6, we show that for a automata .4, we can have
a deterministic automata Det(A). In that case we can construct as following :
(i) We construct a automata Det(A) as in Construction 6. (ii) A deterministic
automaton A has a unique run corresponding to a given ISS p (see Definition
14). (iii) Hence replacing F by S\F as the final locations for the acceptance of
A would result in the automaton accepting the complement of £(.A, 7)¢.

Theorem 14. The T-wise emptiness problem for DECA is PSPACE-complete.

Proof. Using region technique [2] and [14] showed that the emptiness problem for
RECA is decidable. As we shown in this paper, a RECA is a DECA. The emptiness
problem of DECA is decidable in n - 271°8 ™ where n is the number of locations, m is
the number of clocks, and c is the largest constant that appears in clock constraints, it
follows that emptiness of a DECAA can be checked in PSPACE.

Theorem 15. The T-wise language inclusion problem for DECA is PSPACE-complete.

Proof. Consider two DECA A and BB with regard to T € rates, such that each automaton
has at most n locations, let m be the number of clocks. Let ¢ be the largest constant
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that appears in the clock constraints. To check whether £L(A,7) C L(B, T), we first
determinize B to B!, after we complement B! to B%. The automata B2 has 271°8"
locations since it is a Biichi automaton and the integer constants that appear in the
clock constraints of 3% are bounded by c. Let D be the intersection of A and B2. The
DECA D has n - 2™1°8™ Jocations, where the integer constants that appear in the clock
constraints of D are also bounded by c.

From Theorems 14 and 15 and the Construction 7, 8 and 9, we have the next
Theorem.

Theorem 16. The T-wise universality problem for DECA is PSPACE-complete.
Proof. We can derive this easily using the Theorem 14 and 15

Theorem 17. The existential emptiness and language inclusion problem for DECA are
PSPACE-complete.

Proof. We can derive this easily using the Theorem 14, 15 and 16.

Theorem 18. The universal emptiness and language inclusion problem for DECA are
PSPACE-complete.

Proof. We can derive this easily using the Theorem 14, 15 and 16.
Corollary 1. Forall DECA B,Q C Proc, L3(B, Q) is the language of a DECA.

Construction 9 For the existential languages of DECA, we can eliminate a process ¢
from a DECA while preserving the existential language of the remaining processes.
We first complete and determinize automata appearing in the clocks of this process
q. We then make their product with the main automaton. We then perform the region
construction [3] on the clocks of . Remember that the clocks are constrained to be
0 in the respective monitored location, i.e. when at least one original monitored lo-
cation appears in this construction, and that prediction clocks run backwards so that
it is the complement of their fractional part that participates in the region construc-
tion [3]. The region construction for prediction clocks is non-deterministic and is
not a bisimulation quotient, unlike the one of TA, but preserves the language [14].
Note that the elimination of the clocks of one process only, allows independent
evolution of the other clocks. The resulting automaton is still a DECA.

Corollary 2. For all DECA B, q € Proc, Ly(B,{q}) is the language of a RECA.

Construction 10 For the universal languages Ly (B, Q) of a DECA B, we complete
and determinize the main automaton B. Then we apply the region construction for
independent clocks [1]. The automaton becomes non-deterministic, because each
region has several successors, depending on 7. Note that the region construction
for ECA was already non-deterministic. A region constraint is expressed as a con-
junction A cp,,. #,. We label each region state by A ., ¢. Then we determinize
it again but we mark as final the locations where all members are final (which, in
turn, means that one of their members is an original final state), to represent that
the ISS must be accepted under all evolutions of time 7. The resulting automaton

is a RECA.
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Corollary 3. For all DECA B, q € Proc, Ly(B,{q}) is the language of a DECA.

Construction 11 For the universal languages of DECA, we can eliminate a process g
from a DECA while preserving the universal language of the remaining processes.
We first complete and determinize automata appearing in the clocks of this process
q. We then make their product with the main automaton. We then perform the region
construction [3] on the clocks of ¢q. Remember that the clocks are constrained to be
0 in the respective monitored location, i.e. when at least one original monitored lo-
cation appears in this construction, and that prediction clocks run backwards so that
it is the complement of their fractional part that participates in the region construc-
tion [3]. The region construction for prediction clocks is non-deterministic and is
not a bisimulation quotient, unlike the one of TA, but preserves the language [14].
Note that the elimination of the clocks of one process only, allows independent
evolution of the other clocks. The resulting automaton is still a DECA.

Corollary 4. For all DECA B,Q C Proc, L3(B, Q) is the language of a RECA.

Construction 12 For the existential languages L3(B, Q) of a DECA B, we complete
and determinize the main automaton B. Then we apply the region construction for
independent clocks [1]. The automaton becomes non-deterministic, because each
region has several successors, depending on 7. Note that the region construction
for ECA was already non-deterministic. A region constraint is expressed as a con-
junction A cp,,. #,. We label each region state by A ., ¢. Then we determinize
it again but we mark as final the locations where all members are final (which, in
turn, means that one of their members is an original final state), to represent that
the ISS must be accepted under all evolutions of time 7. The resulting automaton
is a RECA.

In contrast, the universal language of DTA and icTA is undecidable [1].

6 Recursive Distributed Event Clocks Temporal Logic

The aim of this section is to construct a fully decidable distributed real-time logic to
specify requirements on RTDS. (Recursive) Distributed Event Clock Temporal Logic
(DECTL) extend the (Recursive) Event Clock Temporal Logic (EventClockTL) [15,
9] with distributed (a.k.a. independent) clocks. As in Section 3.2, we assume a set of
processes Proc. The clocks of each process will evolve according to its local time given
by a Rate 7. DECTL is based on LTL, and adds two local real-time modalities. The
recording modality <19¢ means that ¢ was true last time in the interval I according to
the local time of ¢. Symmetrically, the predicting modality t>%¢ says the ¢ will occur
within [ according to the local time of ¢. If we have only one process, we find back
EventClockTL [15].

We could construct similarly a more expressive logic that allows to observe not
only the last ¢, but also the last but one, and more generally the last but n ¢ [11].
This logic is still translatable in DECA. We could also extend the known expressive
equivalence of EventClockTL and MITL+Past [9] to construct a version of MITL with
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independent clocks. Lastly, independent clocks can also be introduced in a linear u-
calculus, to increase expressiveness by counting. We do not present these logics here
by lack of space.

Definition 15. The formulas of DECTL are defined by the grammar:
¢pu=true|peP| ] ¢| <f o1 A P2 | b p1U d2| ¢1 S b2

where p is a propositional symbol, I € Iy is an interval and q € Proc. We can now
define how to evaluate the truth value of a DECTL formula along an ISS p and a Rate
7, noted (p, t) |=r ¢1. We omit T below.

(pst) Ep iff p€p(t)

F o1 A b2 iff (p,t) = ¢ and (p,t) = o

Eo1U¢s iff ' >t (p,t') =2 and V" € (¢
):¢18¢2 lffat/<t (p,t/) ):¢2 and vt//E(t
E<l¢iff 3t <t.1y(t) —1,(t') €IN(p,t) =

1

t), (p,t") = ¢
=

1), (p, )
0]

(p,t) ET o iff 3t > try(t') — () €T A (p,t') =@
and ¥t > t.1,(t") — 14(t) < I, (p,t") £ &

Example 2. The formula ~(FbA —1>%, b), where Fb = true Ub says that the first b, if
any, must occur within 1 second, as measured by . It holds on the automation of Fig.1.
However, the formula measured by p, ~(Fb A = D%l b), does not hold.

6.1 Expressiveness between DECTL and DECA

In this section we show that DECA are sufficiently expressive to define all DECTL
properties. We can translate any DECTL formula ¢ into a DECA automaton A4 that
accepts the pairs (p, t), such that (p,t) =, ¢, for all 7 by a tableau construction. The
translation is done level by level, where the level of a formula is the nesting depth of
real-time modalities. A formula >%¢ is translated as constraint xi’% € I. The formula
¢ is recursively translated in a tableau automaton .44 where the monitored states are the
states containing ¢.

Definition 16. The level of a DECTL formulas ¢1, ¢o, ¢3 denoted by LF, is a recursive
function that satisfying the following :

LF(p)=0

LF(¢p1V ¢2) = Maz(LF(p1) U LF(¢2))
LF(= ¢1) = LF(P1)

LF(p1U ¢2) = Max(LF(¢1) U LF(P2))
LF(p1 S ¢2) = Max(LF(¢p1) U LF(P2))
LF(>% ¢p3) =1+ LF( ¢3)

LF(<} ¢p3) =1+ LF(¢3)

A formula ¢ is of level 4, if LF () = i. Recursively, we can define that the formula
¢3 is alevel k where 0 < k < i and ¢, ¢2 is alevel j where 0 < j < 4.
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Definition 17. The closure set of a DECTL formula ¢1, ¢2, ¢3 denoted by CF, is a

recursive function that satisfying the following:

CF(p) = {p}

CF(p1V ¢2) =CF(p1) UCF(d2) U{ ¢1V ¢2 }
CF(= ¢1) =CF(p1)

CF(prU ¢2) = CF(p1) UCF (o) U{ o1 U ¢ }
CF(p1 S ¢p2) =CF (1) UCF(pa) U{ 1 S ¢ }
C‘F(D(} ¢3) = UqEProc I>(} ¢3

CJ—-'(<]‘} ¢3) = quPmc <](} ¢3

CF (1) is the set CF(¢p1) closed by negation.

Theorem 19. For every DECTL formula ¢, we can construct a DECA Ay, that accepts
the pairs (p,t), where p is defined on the set of propositions appearing in ¢ and a time
t € RY, such that (p,t) =, ¢.

Proof. Let LF(¢p) =0. We define a transition structure B = (Q, gy, —s, Q) that checks
the semantics of the operators and propositions of level 0 formula. For the other levels
1, such that ¢ > 0, we will transform the transition structure into a DECA. Let DECTL
formula ¢, ¢1, @2, we define B as follows:

(i) The state S is the set of pairs (s, ), where s € 267°(9) with T € s and ¢ €

(ii)

(iii)

{open, sing}(indicating if the control can stay in the state for an open interval of
time or just a singular interval of time) and the following properties are verified:
(a) Forall ¢; € CF(p): 1 € siff 7 ¢y ¢ s.
(b) Forall (¢1 V ¢2) € CF(@): ¢1 V ¢ € siff ¢1 € s0r g € s.
(c) Forall (¢1 U ¢2) € CFC(9):
(1) If 2 € s and p = open then ¢y U ¢ € s.
(2) If p1 U @2 € s and ¢ = open then ¢1 € s or P3 € s.
(d) Forall (¢1 S ¢2) € CF(9):
(1) If po € s and p = open then ¢1 S P2 € s.
(2) If p1 S ¢ € s and p = open then ¢p; € sor ¢ € s.
The initial state is the subset of pairs (s, @) € Q, such that ¢ = sing and does not
exists ¢1 S ¢2 € CF (@) and ¢1 S ¢2 € s. That initial state is singular and it does
not contains a since formula in positive form.
The transition relation — is subset [(s1, ©1), (82, ¥2)] of Q x O that respects the
following restrictions:
(a) 1 =open and p9 = sing or 1 = sing and g = open.
(b) The following rules express how until formulas are transferred form one state
to the next of the transition structure:
(1) ¢1U p2 € 51 A1 =singiff o1 U ¢2 € s2.
2) Cbl U d)g € 81 A\ 1 =open N\ ¢2 ¢ S1, implies ((Z)l u d)g [SIESWA ¢1 € S9)
V ¢y € S3.
(3) ¢1 €51 ANp1=open A(¢p1 € 52V (P2 € s2 A ¢1 U @2 € 52)) implies ¢y
u ¢2 € S1.
(c) The following are for the since formulas:
(1) ¢1S P2 € 59 Ao =sing iff o1 S @2 € s71.
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(2) ¢1 S P2 € 52 A\ g =open A ¢o & so implies ¢p € 51V (91 € 51 A (P71
S ¢2) € s1).
(3) ¢1 € 52 Ao =open A (P2 € 51V (¢1 S ¢2) € s1) implies ¢1 S ¢ €
S9.
(iv) We use a generalized Biichi acceptance condition. For each formula ¢ U ¢o €
CF(¢), thereisaset Qp, . ={(s,9) | p1ldz & sV 2 € s}.

Now, we will transforms the transition structure B into a DECA A,;. We construct A,
= (DA, Mo §A9 s?¢,MA¢, —>;l4€‘”ca, yAs §Ae FAs 1As) as follows :
(i) The set of symbols used by A, is the set of propositional symbols that appear in
the formula ¢, X4¢ = {p | p € CF(¢)},
(ii) The set of clocks used by A is the set of clocks that appear in the formula ¢,
CAe = {>%U <Y | ¢ € Proc and I is an interval},
(iii) The set of locations §¢ is the set of pairs ((s, ¢),<) such that:
(@) (s,p) € 5.
(b) < is alabel that is open iff = open.
(c) The labeling is propositionally consistent with the formula in s: for all propo-
sitionpeP:peciffpes,
(iv) The initial location s()% is the subset of locations ((s, ¢), <) € $*¢ such that (s, )

Ag
== SO N

(v) The set M“*¢ of monitored locations is the subset of locations ((s, ¢),s) € §4¢
such that ¢ € s, that is the subset of locations where the formula ¢ is true,

(vi) The transition relation is the set of pairs [((s1, ¢1),1), ((S2,¢2), s2)] with ((si, ¢:), i)
€ §4% fori € {1,2}, such that: ((s1, 1), (52, 92)) € —deca

(vii) The labeling function y¢ is defined as follows: v¢ (((s, ¢),<)) = <,

(viii) The clock constraints 0**¢ is defined as follows: 04 (((s, ©),<)) = ¢,

(ix) We transfer in A, the generalized Biichi acceptance condition of the transition
structure B : F4* is the set of sets of accepting locations {Fy, Fa, - - - F,, } where
each F; corresponds to a set of accepting states in S as follows: F; = {((s, ), <) |
(57 410) € QF}’

(x)

The logic ReDECTL and ReDECA in fact use the same clocks:

Theorem 20. v(p,t,7,2%) € I iff (p,t) =+ <] p, where p is a proposition of process
q such that (p,t) = p iff A accepts p at time t with T.

The construction is exponential in the size of the non-real time part of the formula,
but linear in the real-time part. The test of emptiness is done by the region construction
presented in Section 5, that is exponential in the real-time part but linear for the rest.

Corollary 5. The Satisfiability and validity problems for DECTL are decidable.

Proof. The satisfiability of a DECTL formula ¢ can be decided by constructing A, the
automata for ¢ and testing if £(A,) # 0. Similarly the validity of a DECTL formula ¢
can be decided by constructing .A-4, the automaton for the negation of ¢ and testing if

L(Ay)=0.
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Corollary 6. Satisfiability and validity of DECTL are PSPACE-complete.

Corollary 7. The automaton Ag has n - 20(nlog en) [ocations, where n is the length
of the formula ¢ (the number of propositions, modal operators and logical connectives)
the number of clocks is n and c is the largest constant appearing in the constraints in

As.

7 Conclusions

We have proposed the basis of a framework for analyzing distributed real-time systems
through of the introduction of independent (or distributed) event clocks, inspired by
DTA [10] and icTA [1]. In contrast to [1], we have given a real-time semantics, and thus
we can specify real-time properties. We have defined DECA and proved they are fully
decidable, and thus that their language inclusion problem is PSPACE-complete, as for
classical automata. This give us an algorithm to verify real-time properties. Actually,
since we can use zones without constraints between independent clocks, and since the
number of regions is reduced wrt. ECA, we can even expect verification to be faster in
practice. We also plan further work to gain more speed through partial-order techniques.
In contrast, DTA [10] and icTA [1] have undecidable inclusion problems. We have also
shown that the universal (timed) languages of DECA are decidable and regular, unlike
the universal languages of iCTA [1]. We propose the logic DECTL to specify real-time
properties with distributed observers in linear temporal logic. We have shown that the
problems of satisfiability, validity and model-checking are decidable for DECTL, more
precisely PSPACE-complete, as for LTL - we cannot hope better.
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