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Abstract

This paper presents a complete axiomatization of two decidable propositional real-
time linear temporal logics: Event Clock Logic (EventClockTL) and Metric Interval
Temporal Logic with past (MetriclntervalTL). The completeness proof consists of an
effective proof building procedure for EventClockTL. From this result we obtain a
complete axiomatization of Metriclnterval TL by providing axioms translating MITL
formulae into EventClockTL formulae, the two logics being equally expressive. Our
proof is structured to yield axiomatizations also for interesting fragments of these
logics, such as the linear temporal logic of the real numbers (LTR).
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1 Introduction

Many real-time systems are safety-critical, and therefore deserve to be speci-
fied with mathematical precision. To this end, real-time linear temporal logics
[5] have been proposed and served as the basis of specification languages.
They use real numbers for time, which has advantages for specification and
compositionality. Several syntaxes are possible to deal with real time: freeze
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quantification [4,12], explicit clocks in a first-order temporal logic [11,21], inte-
gration over intervals [10], and time-bounded operators [17]. We study logics
with time-bounded operators, because those logics are the only ones which
have, under certain restrictions, a decidable satisfiability problem [5].

The logic MetricTLg+ extends the operators of temporal logic to allow the
specification of time bounds on the scope of temporal operators. For example,
the MetricTLg+ formula O(p — O_,¢) expresses that “every p event is followed
by some ¢ event after exactly 1 time unit.” It has been shown that the logic
MetricTLg+ is undecidable and even not recursively axiomatizable [4]. One rea-
son for this undecidability result is the ability of MetricTLg+ to specify exact
distances between events; these exact distance properties are called punctu-
ality properties. The logic MetricntervalTL is obtained from MetricTLg+ by
removing the ability to specify punctuality properties: all bounds appearing
in temporal operators must be non-singular intervals. For example, the for-
mula O(p — Op,21¢), which expresses that “every p event is followed by some ¢
event after at least 1 time unit and at most 2 time units,” is a Metriclnterval TL
formula, because the interval [1,2] is non-singular. The logic Metriclnterval TL
is decidable [3]. This decidability result allows program verification using auto-
matic techniques. However, when the specification is large or when it contains
first-order parts, a mixture of automatic and manual proof generation is more
suitable. Unfortunately, the current automatic reasoning techniques (based on
timed automata) do not provide explicit proofs. Secondly, an axiomatization
provides deep insights into a logic. Third, a complete axiomatization serves
as a yardstick for a definition of relative completeness for more expressive log-
ics (such as first-order extensions) that are not completely axiomatizable, in
the style of [16,20]. This is why the axiomatization of time-bounded operator
logics is cited as an important open question in [5,17].

We provide a complete axiom system for decidable real-time logics, and a
proof-building procedure. We build the axiom system by considering increas-
ingly complex logics: LTR [6], EventClockTL with past clocks only, Event-
ClockTL with past and future clocks (also called SCL [22]), Metriclnterval TL [3]
with past and future operators.

The method that we use to show the completeness of our axiomatization is
standard: we show that it is possible to construct a model for each consistent
formula. More specifically, our proof of completeness is an adaptation and
an extension of the proof of completeness of the axiomatization of TL [19].
The handling of the real-time operators requires care and represents the core
technical contribution of this paper. Some previous works presented axioms
for real-time logics, but no true (versus relative) completeness result for dense
real-time. In [12], completeness results are given for real-time logics with ex-
plicit clocks and time-bounded operators, but for time modeled by a discrete
time domain, the natural numbers. In [9,7], a completeness result is presented



for the qualitative (non real-time) part of the logics considered in this pa-
per. There, the time domain considered is dense but the hypothesis of finite
variability that we consider ! is dropped and, as a consequence, different tech-
niques have to be applied. In [17], axioms for real-time logics are proposed.
These axioms are given for first-order extensions of our logics, but no rela-
tive completeness results are studied (note that no completeness result can be
given for first-order temporal logics.) Finally, a relative completeness result
is given for the duration calculus in [10]. The completeness is relative to the
hypothesis that valid interval logic formulae are provable.

2 Models and logics for real-time

2.1 Models

As time domain T, we choose the nonnegative real numbers RZ% = {z €
R|z > 0}. This dense domain is natural and gives many advantages detailed
elsewhere: compositionality [6], full abstractness [6], stuttering independence
[1], easy refinement. These advantages, and the results of this paper, mainly
depend on density: they can easily be adapted for the rational numbers Q, the
real numbers R. To avoid Zeno’s paradox, we add to our models the condition
of finite variability [6] (condition (3) below): only finitely many state changes
can occur in a finite amount of time.

An interval I C T is a convex subset of time. Given ¢ € T, we freely use
notations such as ¢ + I for the interval {¢' | 3" € I with ¢' =¢t+1t"},t > I for
the constraint “¢ > t' for all ¢ € I”, | I for the interval {t > 0|3t' € I : t < t'}.
A bounded non-empty interval has an infimum (also called greatest lower
bound, or left endpoint, or begin) and a supremum (also called least upper
bound, or right endpoint, or end). Such an interval is thus usually written
as e.g. ([,r], where [ is the left endpoint, the rounded parenthesis in “(I”
indicates that [ is excluded from the interval, r is the right endpoint, and
the square parenthesis in “r|” indicates that r is included in the interval.
The interval is called left-open and right-closed. If we extend the notation, as
usual, by allowing  to be oo, then any interval can be written in this form.
Two intervals I and J are adjacent if the right endpoint of I, noted r(I), is
equal to the left endpoint of J, noted I(J), and either I is right-open and J
is left-closed or [ is right-closed and .J is left-open. We say that a non-empty
interval [ is singularif [(I) = r(I). In this case, we often use the notation = ¢
rather than [¢,¢]. Similarly, < [ abbreviates (0,), etc. An interval sequence

L In every finite interval of time, the interpretation of propositions can change only
finitely many times.



I = Iy, I, I,,... is an infinite sequence of non-empty bounded intervals so
that (1) the first interval Ij is left-closed with left endpoint 0, (2) for all i > 0,
the intervals [; and I;; are adjacent, and (3) for all ¢ € T, there exists an
¢ > 0 such that ¢t € I;. Consequently, an interval sequence partitions time so
that every bounded subset of T is covered by finitely many elements of the
partition. Let P be a set of propositional symbols. A state s C P is a set of
propositions. A timed state sequence T = (5,1) is a pair that consists of an
infinite sequence 5 of states and an interval sequence I. Intuitively, it states
the period I; during which the state was s;. Thus, a timed state sequence 7
can be viewed as a function from T to 2%, indicating for each time t € T a
state 7(t) = s; where t € I;.

2.2 The Linear Temporal Logic of Real Numbers (LTR)

The formulae of LTR [6] are built from propositional symbols, boolean con-
nectives, the temporal “until” and “since” and are generated by the following
grammar:

¢ = pldV oy | | d1Uds | 91Sp,

where p is a proposition.

The LTR formula ¢ holds at time ¢ € T of the timed state sequence 7, written
(1,t) E ¢ according to the following definition, where we omit 7:

tE=piff p e 7(t)

t):¢1v¢glﬂt):¢1 Ort)zd)z

t g ifft e ¢

t = iUy iff 3t > t At = ¢y and VI € (t, 1), t" = ¢y V by
tE ¢Sy iff It <t At |E ¢y and V" € (1), t" = ¢1 V @9

An LTR formula ¢ is satisfiable if there exists 7 and a time ¢ such that (7,t) |=
¢, an LTR formula ¢ is valid if for every 7 and every time ¢ we have (7,t) | ¢.

This logic was shown to be expressively equivalent to the monadic first-order
logic of the order over the reals [15].

Our operators U, S are slightly non-classical, but more intuitive: they do not
require ¢, to start in a left-closed interval.

On the other hand, each of them is slightly weaker than its classical variant,
but together they have the same expressive power, as we show by providing
mutual translations below in sections 2.2.1 and 2.4.1. It is thus a simple matter
of taste. We will note the classical until as U.



2.2.1 Abbreviations
In the sequel we use the following abbreviations:

01Uy = U (s A O¢hy) (O is defined below).

o

e ¢ UMy = ¢y A p1Ugy, the “Until” reflexive for its first argument;

e ) U2y = ¢y V p1UT by, the “Until” reflexive for its two arguments;

e (O¢p = LU¢p, meaning “just after in the future” or “for a short time in the
future”. The dual of O is noted K in [9], and it means thus “arbitrarily
close in the future”. We don’t introduce it, since we will see that due to
finite variability, () is his own dual.

e O = TU¢, meaning “eventually in the future”;

e [1p = -O—¢, meaning “always in the future”;

e their reflexive counterparts: (=, [12;

o ) 1Wpy = p1Ups V Ue¢y, meaning “unless in the future”;

e its reflexive counterparts: W+, W=,

and the past counterpart of all those abbreviations:

$1S¢2 = $1S(d2 A O1);

$1ST Py = d1 A §1S¢9, the “Since” reflexive for its first argument;

$1SSy = Py V $1ST o, the “Since” reflexive for its two arguments;

©¢ = 1S¢, meaning “just before in the past” or “arbitrarily close in the
past”;

& = TS¢, meaning “eventually in the past”;

H¢p = —&¢, meaning “always in the past”;

their reflexive counterparts: &, B<;

01Zps = ¢1Spo V Hey, meaning “unless in the past”;

its reflexive counterparts: Z+, Z=.

2.3  Event-Clock Temporal Logic

The formulae of EventClockTL [22] are built from propositional symbols, boolean
connectives, the temporal “until” and “since” operators, and two real-time op-
erators: at any time ¢, the history operator <;¢ asserts that ¢ was true last in
the interval ¢t <1, and the prediction operator >;¢ asserts that ¢ will be true
next in the interval ¢ 4+ I. The formulae of EventClockTL are generated by the
following grammar:

¢ = pld1V | 0| di1Uds | $1Sho | a1 |1

where p is a proposition and I is an interval which can be empty, singular and
whose bounds are natural numbers (or infinite). The EventClockTL formula ¢
holds at time ¢ € T of the timed state sequence 7, written (7,¢) = ¢ according
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Fig. 1. A History clock evolving over time

to the rules for LTR and the following additional clauses:

tEgoiff W <tAt cteINt Edand V't =T <t <t t" ¢
tleprgiff W >tAt ct+IA Egand V" it <t <t +1,t" W~ ¢

A ;¢ formula can intuitively be seen as expressing a constraint on the value
of a clock that measures the distance from now to the next time where the
formula ¢ will be true. In the sequel, we use this analogy and call this clock a
prediction clock for ¢. Similarly, a <;¢ formula can be seen as a constraint on
the value of a clock that records the distance from now to the last time such
that the formula ¢ was true. We call such a clock a history clock for ¢. For a
history (resp. prediction) clock about ¢,

e the next <_;¢ (resp. previous >_;¢) is called its tick;

e the point where ¢ held last (resp. will hold next) is called its event;

e the point (if any) at which ¢ will hold again (resp. held last) is called its
reset;

e if ¢ is true at time ¢ and was true just before ¢ (resp. and will still be true
just after t) then we say that the clock is blocked at time t;

e if ¢ was never true before ¢ (resp. will never be true after t) then the clock
is undefined at time t.

The main part of our axiomatization consists in describing the behavior and
the relation of such clocks over time. For a more formal account on the rela-
tion between EventClockTL formulae and clocks, we refer the interested reader
0 [22]. We simply recall:

Theorem 1 [22] The satisfiability problem for EventClockTL is complete for



PSPACE.

which is the best result that can be expected, since any temporal logic has
this complexity.

Example 1 [(p — >_5p) asserts that after every p state, the first subsequent
p state is exactly 5 units later (so in between, p is false); the formula O(<—5 p —
q) asserts that whenever the last p state is exactly 5 units ago, then ¢ is true
now (time-out).

2.4  Metric-Interval Temporal Logic

Metriclnterval TL restricts the power of MetricTLin an apparently different way
from EventClockTL: here the real-time constraints are attached directly to
the until, but cannot be punctual. The formulae of MetriclntervalTL [3] are
built from propositional symbols, boolean connectives, and the time-bounded
“until” and “since” operators:

¢ = pldiAda|~d| $1Usds | 41Sr e

where p is a proposition and I is a nonsingular interval whose bounds are
natural numbers or infinite. The Metriclnterval TL formula ¢ holds at time
t € T of the timed state sequence 7, written (7,t) = ¢ according to the
following definition (the propositional and boolean clauses are as for LTR):

tE Ui iff W €t+TAY Edpand V't <t <t = ¢y
i ):¢1S]¢)2 ff I et sINY ):¢2 and‘v’t”:t’<t”<t,t” ):d)l

Here, we have used the classical until to respect the original definition, but
this doesn’t matter as explained in subsection 2.2.1.

Theorem 2 [3] The satisfiability problem for MetricInterval TL is complete for
EXPSPACE.

So although the logics are equally expressive, their translation must be difficult
enough to absorb the difference in complexity. Our translation, presented in
section 5, indeed gives an exponential blowup of formulae.

2.4.1 Abbreviations

In the sequel we use the following abbreviations:

° ¢IU¢2 = ¢1U(0,oo)q§2, the untimed “Until” of MetriclntervalTL.
e Cop= —|¢U¢ expresses that the next ¢-interval is left-closed.



o 01Urd = (¢1V 62)Uss.

e O;0 = TUr¢, meaning “within 17;
o [1;¢ = -O;—¢, meaning “always within I7”;

and the past counterpart of all those abbreviations. The fact that we use the
same notations as in the other logics is intentional and harmless, since the
definitions are semantically equivalent.

Furthermore, now that we have re-defined the basic operators of EventClockTL,
we also use its abbreviations.

Example 2 (g — r§§5 p) asserts that every ¢ state is preceded by a p state
of time difference at most 5, which is right-closed, and all intermediate states
are 1 states; the formula O(p — Or56)p) asserts that every p state is followed
by a p state at a time difference of at least 5 and less than 6 time units. This
is weaker than the EventClockTL example, since p might also hold in between,
and of course because 5 units are not exactly required.

3 Axiomatization of EventClockTL

In section 4, we will present a proof-building procedure for EventClockTL. In
this section, we simply collect the axioms used in the procedure, and present
their intuitive meaning. Our logics are symmetric for past and future (a duality
that we call the “mirror principle”), except that time begins but does not
end: therefore the axioms will be only written for the future, but with the
understanding that their mirror images, obtained by replacing U by S, > by «,
etc. are also axioms. This does not mean that we have an axiomatization of the
future fragment of these logics: our axioms make past and future interact, and
our proof technique makes this interaction is unavoidable, mainly in axiom

(11).

3.1 Qualitative axioms (complete for LTR)

We use the rule of inference of replacement of equivalent formulae:

o< ¢ p(P)
o19) Y
All propositional tautologies (2)



For the non-metric part, we use the following axioms and their mirror images:

—(pUL) (3)

QU A ') — gUip (4)

OW A @) < Oy AO¢ (5)

OT — (07¢ <> ~ O ¢) (6)

OU¢) < ypUs (7)

OWS¢) < OV (O A (¥S=¢)) (8)

YU < O(1pU=¢) (9)

oUy) — O (10)

O AOT = Oy) A0y — ) = (Ov — y) (11)

They mainly make use of the () operator, because as we shall see, it cor-
responds to the transition relation of our structure. Axiom (3) is the usual
necessitation or modal generalization rule, expressed as an axiom. Similarly,
(4) is the usual weakening principle, expressed in a slightly non-classical form.
(5), (6) allow to distribute (O with boolean operators. Note that the validity
of (6) requires finite variability. (7), (8) describe how the U and S operators
are transmitted over interval boundaries. (9) gives local consistency conditions
over this transmission. (10) ensures eventuality when combined with (11). It
can also be seen as weakening the left side of the U to T. The induction axiom
(11) is essential to express finite variability: If a property is transmitted over
interval boundaries, then it will be true at any point; said otherwise, any point
is reached by crossing finitely many interval boundaries.

The axioms below express that time begins (12) but has no end (13):

&S-0T (12)
oT (13)

We have written the other axioms so that they are independent of the begin
or end axioms, in order to deal easily with other time domains (see subsection
4.4). This is why some apparently spurious )T occur above, e.g. in (11): they
are useful when the future is bounded.

Remark 3 Theorem 21 shows that the axioms above form a complete axiom-
atization of the logic of the real numbers with finite variability, defined as LTR
in [6]. The system proposed in [6] is unfortunately unsound, redundant and
incomplete. Indeed, axiom F5 of [6] is unsound; aziom F7 can be deduced
from aziom F8; and the system cannot derive the induction aziom (11). To
see this last point, take the structure formed by RZ° followed by R, with finite
variability: it satisfies the system of [6] (corrected according to [7]) but not the
induction axiom. Thus this valid formula cannot be derived in their system.



3.2 Quantitative axioms

For the real-time part, we first describe the static behavior; intersection, union
of intervals can be translated into conjunction, disjunction due to the fact that
there is a single next event:

Drus® <> Pro Ve o (14)
Drng@ <> Dro Ay (15)

Since > is a strict future operator, the value 0 is never used:
1D (b (16)

If we do not constrain the time of next occurrence, we simply require a future
occurrence:

>0y <> QY (17)

Finally the addition corresponds to nesting:
[>§m+n¢ A D<m P<n ¢ (18)
[><m+n¢ <~ [><m [>§n (]5 (19)

The next step of the proof is to describe how a single real-time >;¢ evolves
over time, using O) and ©. We use (20) to reduce left-open events to the easier
case of left-closed ones.

~(Co) = (Ppm) O ¢ < Bmd) (20)
~Obomt (21)

Cp = (OPam ¥ > Pcmt)) (22)
Obem ¥ < (e VOV OY) AOT) (23)
OY = >emt) (24)

These axioms are complete for formulae where the only real-time operators
are prediction operators >;¢ and they all track the same (qualitative) formula
¢. For a single history tracked formula, we use the mirror of the axioms plus
an axiom expressing that the future time is infinite, so that any bound will be
exceeded:

Y= (0P VO amy) (25)

The description provided by these axioms are mostly expressed by the au-
tomaton of figure 2, showing the possible evolution of history predicates.
This figure will receive a formal status in lemma 22. Most consequences of

10
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Fig. 2. The possible evolutions of a history clock

these axioms can simply be read from this automaton: For instance, <s1¢ —
(1510 A =p)UZ O <19 is checked by looking at paths starting from <s¢.

As soon as several such formulae are present, we cannot just combine their
individual behavior, because the >, < have to evolve synchronously (with the
common implicit real time). We use a family of axioms (and their mirrors) to
express this common speed. They express the properties of order and addition,
but expressed with different clocks. Said otherwise, the ordering of the ticks
should correspond to the ordering of their events. We use U (or W) to express
the ordering: —=pUg means that ¢ will occur before (or at the same time as)
any p. E.g. in (26), the antecedent <_;¢ states that ¢ ticks now, thus after of
together with ). Then their events shall be in the same order: =¢St). Similarly,
(30) says that if last ¢ was less than 1 ago, and ) was even closer, than last
1 was less than 1 ago as well.

410 = (d1®) <> 9SY (26)

(Parth V) AUz —= by GZ(>519) V 1) (27)
(a1 V) A U= Aty ¢ — —@Z >y 1)V —pZY (28)
AP A — >y PSY (29)

19 A =PSY — <4t (30)

) A YpSPb_y ¢ = Bgd A g (31)

3.8 Theorems

We will use in the proof some derived rules of LTR (and thus EventClockTL):

11



Lemma 4 The rules of modus ponens and modal generalization are derivable.

¢ P
:ﬁ (32)
0o (33)

Proof.

e the rule of modus ponens (32) is derived from replacement (1) as follows:
from ¢ we deduce propositionally ¢ <> T; by (1) we replace ¢ by T in
¢ — 1 giving T — 1 which yields propositionally ).

e the rule of modal generalization (33) (also called necessitation) is derived
similarly from (1) and (3): From ¢, we deduce —¢ <+ L. Replacing in (3),
we obtain —=(1)U—¢). By taking ¢ := T, we get L.

We'll also need some EventClockTL theorems:

“O¢+ O (34)
O(e1V d2) > O¢1 V O¢2 (35)
oy —oT (36)
“OT = (0p+ 1) (37)
Oo¢ < Op (38)
OO ¢ O¢ (39)
oT (40)
— <y (41)
anh — 0T (42)
D1 ¢ > Q9 Vo (43)
Drg > D QAP (44)
>r¢p — >y¢ with (I C J) (45)
O(o1 A ¢2) — Doy (46)
Proof.
(34) By (13), we can remove the condition ()T in the mirror of (6).
(35) We use (5) and duality through (34).
(36) Expanding the definition of ©, we have to prove 1S¢ — LST. This

(37
(38
(39

From (36). So all © formulae are false at the beginning of time.

v (8).

)
|
results from the mirror of (4) with ¢ := 1, ¢ :=T,¢' := ¢.
)
) B
) By (7).

12



40) By (13), (10).

(40)

(41) Take (14) with I :=0,.J :=[0,0]. By (16) we obtain <) <> L.

(42) We'll prove its mirror. By (14), <79 — <50¢. By (17), 0. By (10), O.
(43) By (15), (14), (17).

(44) By (15), (14), (17).

(45) By (15). (or by (14)).

(46) By (4).

4 Completeness of the axiomatic system for EventClockTL

As usual, the soundness of the system of axioms can be proved by a simple
inductive reasoning on the structure of the axioms. We concentrate here on
the more difficult part: the completeness of the proposed axiomatic system. As
usual with temporal logic, we only have weak completeness: for every valid for-
mula of EventClockTL, there exists a finite formal derivation in our axiomatic
system for that formula. So if = ¢ then - ¢. As often, it is more convenient to
prove the contrapositive: every consistent EventClockTL formula is satisfiable.
Due to the mirror principle, most explanations will be given for the future
only.

Our proof is divided in steps, that prove the completeness for increasing frag-
ments of EventClockTL.

(1) We first deal with the qualitative part, without real-time. This part of
the proof follows roughly the completeness proof of [19] for discrete-time
logic.

(a) We work with worlds that are built syntactically, by maximal consis-
tent sets of formulae.

(b) We identify the transition relation, and its syntactic counterpart: it
was the “next” operator for discrete-time logic [19], here it is the O,
expressing the transition from a closed to an open interval, and ©,
expressing the transition from an open to a closed interval.

(c) We impose axioms describing the possible transitions for each oper-
ator.

(d) We give an induction principle (11) that extends the properties of
local transitions to global properties.

(2) For the real-time part:

(a) We give the statics of a clock;

(b) We describe the transitions of a clock;

(c) By further axioms, we force the clocks to evolve simultaneously. The
completeness of these axioms is proved by showing that only realistic

13



clock evolutions are allowed by the axioms.

4.1  Qualitative part

Let us assume that the formula « is consistent and let us prove that it is
satisfiable. To simplify the presentation of the proof, we use the following
lemma:

Lemma 5 FEvery EventClockTL formula can be rewritten into an equivalent
formula of EventClockTL; (using only the constant 1).

Proof. First by the use of the theorem ¢ <> = >y ¢ A > (44), every
formula >;¢ with [(I) # 0 can be rewritten as a conjunction of formulae
with 0-bounded intervals. Using the axioms bcpin® <> Doy P<p ¢ (18) and
Demin® <> Do D<p @ (19) every interval can be decomposed into a nesting of
operators associated with intervals of length 1. Il

In the sequel, we assume that the formula « for which we want to construct a
model is in EventClockTL, as allowed by lemma 5.

We now define the set C'(«) of formulae associated with a:

e Sub: the sub-formulae of a.

e The formulae of Sub subject to a future real-time constraint: R = {¢|>; ¢ €
Sub}. We will say that a prediction clock is associated to these formulae.

e For these formulae, we will also track ()¢ when the next occurrence of ¢ is
left-open: this will simplify the notation. The information about ¢ will be
reconstructed by axiom (20). J = {Od|¢ € R}.

e To select whether to track ¢ or ()¢, we need the formulae giving the open-
ness of next interval: L = {Cop|p € RU J}.

e The formulae giving the current integer value of the clocks: I = {>.1¢,>_1¢,
>o1¢|¢ € R U J}. Thanks to our initial transformation, we only have to
consider whether the integer value is below or above 1.

e Among these, the “tick” formulae will be used in F' to determine the frac-
tional parts of the clocks: T = {>_1¢ € I}.

e We also define the mirror sets. For instance, R~ = {¢| <y ¢ € Sub}.

e The formulae giving the ordering of the fractional parts of the clocks, coded
by the ordering of the ticks: F' = {=¢U1), 2¢S¢)|p,» €e TURU JUT~ U
R-UJ }.

e The eventualities: F = {Q¢|Us or yU¢p € SubU LU L~}

e The constant true T, because ©T will be used in lemma 14.

We close the union of all sets above under =, (), © to obtain the closure of «,
noted C'(«). This step preserves finiteness since we stop after adding just one of

14



each of these operators. Theorems (39), (38) show that further addition would
be semantically useless. For the past, we only have (6), (37). They also give
the same result, since we only have two possible cases: if ©T is true, we can
move all negations outside and cancel them, except perhaps one. Otherwise,
we know that all ©¢ are false by (4). In each case, at most one © or () and
one — are needed. We use the notational convention to identify formulas with
their simplified form. For example, we write ¢ € C(«) <> O¢ € C(«) to mean
1 ¢ eC(a) <] (O¢) € C(a), where | is the simplification operator.

Note that although we are in the qualitative part, we need already include the
real-time formulae that will be used later. In this subsection they behave as
simple propositions.

A propositionally consistent structure

A set of formulae F' C C(«) is complete w.r.t. C(«) if for all formulae ¢ €
C(a), either ¢ € F or =¢ € F} it is propositionally consistent if (i) for all
formulae ¢1 V ¢y € C(a), ¢y € F or ¢g € F iff ¢y Vo € F; (i7) for all formulae
¢ € Cla), ¢ € Fiff ¢ ¢ F. We call such a set a propositional atom of C(«).

We define our first structure, which is a finite graph, IT = (A, A) where A is
the set of all propositional atoms of C'(«) and A C A x A is the transition
relation of the structure. A is defined by considering two sub-relations:

e A represents the transition from a right-closed to a left-open interval;
e A represents the transition from a right-open to a left-closed interval.

Let A, B be propositional atoms. We define

e ANB&V(O¢ella),Opc A+ ¢ € B;
e ANAB&VOogpella),pc A 0peB.

The transition relation A is the union of A; and A[, i.e. AAB iff either AA|B
or AA[B

Now we can define that the atom A is singular iff it contains a formula of the
form ¢ A = (O ¢ or symmetrically ¢ A = O ¢.

Lemma 6 In the following, A and B are atoms:
1) A is singular iff it is irreflexive (i.e. AN A, equivalently —AA[A, also
(1) g ] y |
—AAA).

2) If AANB, then A is not singular and (B is singular or B = A).
[
(3) If BAJA, then A is not singular and (B is singular or B = A).

15



(4) If B is singular, then there is at most one atom A such that ANB and
a unique C' such that BAC.

A is initial iff it contains = © T. It is then singular, since it contains T A = ©
T. A is monitored iff it contains «, the formula of which we check floating
satisfiability.

Any atom A is exactly represented by the conjunction of the formulae that it
contains, written A. By propositional completeness, we have:

Lemma 7 + VAEA A
For any relation A, we define the formula A(A) to be Vpjsap B. The formula
\/B‘AA]B B can be simplified to Aosea ® N N-opea —¢, because in the proposi-

tional structure, all other members of a B are allowed to vary freely and thus
cancel each other by the distribution rule.

Lemma 8 - AAOT — QA(A).

Proof. OA)(A) = O Vpjaas B = OANogea ® N Nopea =8) = Aogea Op A
A-opea = O ¢ by (5), (34). B

Dually, VB|AA[B B can be simplified to Npea ©¢. Therefore:

Lemma 9 - OA — A((A).

Now let A* be the transitive closure of A. Since A; C A" | we have:
Lemma 10 F OA — A*(A).

Similarly,

Lemma 11 F AA QT — OA*T(A).

Using the disjunction rule for each reachable A, we obtain: - AT(A)AQT —
OA*(A) and F ©A*(A) — AT(A). Now we can use the induction axiom
(11) provided by finite variability, i.e. O((y A QT — Ov) A (09 — ) —
(O — O9). Using necessitation (33) and modus ponens (32), we obtain:

Lemma 12 - A — OAT(A).
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An EventClockTL-consistent structure

We say that an atom A is EventClockTL-consistent if it is propositionally con-
sistent and consistent with the axioms and rules given in section 3. Now, we
consider the structure IT = (A, A), where A is the subset of propositional atoms
that are EventClockTL-consistent and A = {(A, B)JAAB and A, B € A}.
Note that the lemmas above are still valid in the structure II as only incon-
sistent atoms are suppressed. We now investigate more deeply the properties
of the structure II and show how we can prove from that structure that the
consistent formula « is satisfiable.

We first have to define some notions.

e A mazimal strongly connected substructure (MSCS)  is a non-empty set of
atoms 2 C A of the structure II such that:
(1) forall Dy, Dy € Q, D;AT Dy, i.e. every atom can reach all atoms of Q, i.e.,
Q) is strongly connected;
(2) for all Dy, Dy € A such that D;A*D, and Dy € A*D; and Dy € Q then
Dy € Q) ie., Q is maximal.
e A MSCS Q is called initial if for all DIADQ and Dy € Q then Dy € Q, i.e.
2 has no incoming edges.
e A MSCS € is called final if for all D;AD, and D; € Q then D, € , i.e. Q
has no outgoing edges.
e A MSCS Q2 is called self-fulfilling if for every formula of the form ¢,U¢py € A
with A € ), there exists B € () such that ¢; € B.

We now establish two properties of MSCS of our structure I1.
Lemma 13 Every final MSCS 2 of the structure I is self-fulfilling.

Proof. Let us make the hypothesis that there exists ¢;U¢py € A with A € Q
and for all B € D, ¢, ¢ B. By lemma 12 and as by hypothesis ¢» ¢ B, for
all B € A*(A), by theorem (46) and a propositional reasoning, we conclude
- A — O-¢,. Using the axiom (10) and the hypothesis that ¢;Upy € A,
we obtain F A — ¢y and by definition of ¢, we obtain F A — —[-¢, in
contradiction with - A — [(l-¢, which is impossible since A is, by hypothesis,
consistent. Wl

Lemma 14 FEvery non-empty initial MSCS €2 of the structure I1 contains an
initial atom, i.e. there exists A € Q such that ©T ¢ A.

Proof. By definition of initial MSCS, we know that for all DIADQ and Dy € (2,
then D; € 2. Let us make the hypothesis that for all A € Q, ©T € A. By
the mirror of lemma 12 we conclude, by a propositional reasoning and the
hypothesis that ©T € D for all D such that DAYA, that - A — Bo T. This
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contradicts axiom (12), so A ¢ II, thus Q is empty. B Actually such initial
MSCS are made of a single initial atom.

In the sequel, we concentrate on particular paths, called runs, of the struc-
ture II. A run of the structure IT = (A, A) is a pair p = (A, 1) where A =
ApAy ... (A, ... Apym)? is an infinite sequence of atoms and I = Iyl ... 1, ...
is an infinite sequence of intervals such that:

(1) Initiality: Ay is an initial atom;

(2) Consecution: for every i > 0, A;AA; y;

(3) Singularity: for every i > 0, if A; is a singular atom then I; is singular;
(4) Alternation: Iyl ... I, ... alternates between singular and open intervals,
i.e. for all ¢+ > 0, I; is singular and I5;, is open.

(5) Eventuality: the set {A,,..., An1m} is a final MSCS.

Note that, for the moment, the timing information provided in I is purely
qualitative (singular or open); therefore any alternating sequence is adequate
at this qualitative stage. Later, we will construct a specific sequence satisfying
also the real-time constraints. In the sequel, given p = (A, I), p(t) denotes the
atom A; such that t € I.

Lemma 15 The transition relation A of the structure 11 is total, i.e. for all
atoms A € A, there exists an atom B € A such that AAB.

Proof. We prove A] total, i.e. forall A € A, ® = {¢|O¢ € AYU{~¢|-O¢ € A}
is consistent and can thus be completed to form an atom B. Assume it is not:
by definition —@), i.e. F ~® <> T. We can replace T in (13), giving O-d.
By (34), - = O ®. By (5), the set {O6] O 6 € A} U {O-9|= O 6 € A} is
inconsistent. Using (34) again, the set {Op|O¢ € AYU{-Op|-O¢p € A} C A
is inconsistent, and thus A is inconsistent, contradicting A € A

Lemma 16 For every atom A of the structure 11, there is a run p that passes
through A.

Proof.

(1) Initiality, i.e. every atom of IT is either initial or can be reached by an
initial atom. Let us consider an atom A, if A is initial then we are done,
otherwise, let us make the hypothesis that it can not be reached by an
initial atom, it means: for all BATA then -0 T ¢ B, so by propositional
completeness ©T € B. By lemma 12 and a propositional reasoning, we
obtain - A — B © T. Using axiom (12) we obtain a contradiction in A.
We use this path for the first part of the run.

(2) Consecution, by construction.

(3) Singularity: i.e., every odd atom is not singular. For the first and second
part of the run, we can obtain this by taking a simple path (thus without
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self-loops). Since the first atom Ay is initial, it is singular; from there on,
non-singular and singular states will alternate by lemma 6. For the final
repetition, this technique might not work when the MSCS is a single
atom. Then we know that this single atom is non-singular, and thus
Singularity is also verified.

(4) Alternation: we can choose any alternating interval sequence, since the
timing information is irrelevant at this point.

(5) Ewventuality, i.e. every atom of IT can reach one of the final MSCS of II.
It is a direct consequence of the fact that A is total and the fact that IT
is finite. We use this reaching path for the second part of the run, then
an infinite repetition of this final MSCS.

A run p = (A, 1) of the structure 11 has the qualitative Hintikka property if it
respects the semantics of the qualitative temporal operators which is expressed
by the following conditions (real-time operators will be treated in the following
section):

H1 if A; is singular then I; is singular;
H2 ¢,Up, € A; iff
- either I; is singular and there exists j > i s.t. ¢o € A; and for all £ s.t.
i< k<j, ¢ € Apg;
- or [; is not singular and
(1) either ¢ € A;;i=j
(2) or there exists j > i s.t. ¢ € A; and for all ks.t. i <k < j, ¢y € Ay;
H3 if 5S¢, € A; iff
- either [; is singular and there exists j < i s.t. ¢o € A; and for all £ s.t.
J<k<i, ¢ € Ayg;
- or [; is not singular and
(1) either ¢ € A;;i=j
(2) or there exists j < is.t. ¢ € A; and for all ks.t. j < k <, ¢y € Ay;

We call such a run a qualitative Hintikka run. Next, we show properties of
some additional properties of runs related to the Hintikka properties above:

Lemma 17 For every run p , 1) of the structure I, with A = AyA; ...,

= (A
for every i > 0 such that Op € A;:

e either I; is singular and there exists j > i such that ¢ € A;;
e or I; is non-singular and there exists j > 1 such that ¢ € A;.

Proof. First let us prove the following properties of the transition relation A:

o let AA]B and Q¢ € A then either ¢ € B or ¢ € B. Recall that 0o = TU¢,
and by definition of A], axiom (9) and a propositional reasoning, we obtain
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that 0o € A iff ¢ € B or Q¢ € B;
e let AAB and ¢¢ € A then either ¢ € A, ¢ € B or TU¢p € B. By definition

of A[, the mirror of axiom (8) and a propositional reasoning, we obtain
peAorpe Bor Qo € B.

By the two properties above, we have that if ¢ € A; then either ¢ appears in
A; with j > ¢ if I; is singular (and thus right closed), j > 7 if I; is not singular
(and thus an open interval) or ¢ is never true and Q¢ propagates for the rest
of the run. But this last possibility is excluded by our definition of run: by
clause (5), every run eventually loops into a final (thus self-fulfilling by lemma
13) MSCS Q. Then either ¢ is realized before this looping or {¢ € Q and by
lemma 13 ¢ € ) and is thus eventually realized. B

Lemma 18 For every run p = (A, I) of the structure 11, for every position 1
in the run if $1Ups € A; then the right implication of property H2 is verified,
i.€:

e either A; is singular and there exists j > i s.t. ¢po € A; and for all k s.t.
i<k <j, o€ A

e or A; is not singular and

(1) either ¢ € Aj,j =1

(2) or there exists j > i s.t. ¢po € Aj and for all k s.t. i <k < j, ¢ € Ag.

Proof. By hypothesis we know that ¢;Upy € A; and we first treat the case
where A; is singular.

e By the axiom (10) and lemma 17, we know that there exists j > i such that

¢2 € Aj. Let us make the hypothesis that A; is the first ¢o-atom after A;.

e [t remains us to show that: for all k s.t. i < k < j, ¢; € Ar. We reason by

induction on the value of k.

- Base case: k = i+1. By hypothesis we have ¢;U¢py € A; and also AiA}AiH
(as A; is right closed) and thus for all O¢ € A;,¢ € A1 by definition
of A]. By axiom (7), we conclude that ¢,U¢y € A;;; and by axiom (9),
theorem (35) and axiom (5), and the fact that by hypothesis ¢o & A4 1,
(Prop) allows us to conclude that ¢, € A;;;.

- Induction case: k =14+ [ with 1 <[ < j <. By induction hypothesis, we
know that ¢1 € Ak—l and ¢1U¢)2 € Ak—la also _'¢2 € Ak and _|¢2 € Ak—l
as k < j (by hypothesis j is the first position after i where ¢, is verified).
To establish the result, we reason by cases :

(1) Iy isopen and thus I}, ; is singular and right closed. We have Ak,IA]Ak,
and thus for all Q¢ € C(a),O¢ € A; <+ ¢ € A;1 by definition of
A]. As ¢1Ups € Ag_; by induction hypothesis and the axiom (7) we
conclude that ¢;U¢py € A. Using the axiom (9), theorem (35), axiom
(5) and the fact that ¢ & Ay, and (Prop), we conclude that ¢, € Ay.

(2) Iy is closed which implies that I ; is right open and Ak,lA[Ak. By
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definition of A[ we have that for all ©¢ € C(a),0¢ € Ay <> ¢ €
Ak_1. So we have ©(¢1Ugs), ©—¢po € Ag, by hypothesis k < j thus
we have —¢y € Ag. Using those properties and the mirror of axiom
(8) we conclude that ¢y A Uy € Ag.

We now have to treat the case where A; is not singular. By the axiom (10)
and lemma 17 we know that there exists a later atom Aj;, i.e. 7 > 7, such that
¢o € Aj. If j =i then ¢y € A; and we are done. Otherwise j > 7, and we must
prove that for all k s.t. 1 < k < j, ¢; € A, this can be done by the reasoning
above. l

We now prove the reverse, i.e. every time that ¢;U¢, is verified in an atom
along the run then ¢;U¢, appears in that atom. This lemma is not necessary
for qualitative completeness but we use this property in the lemmas over real-
time operators.

Lemma 19 For every run p = (A, I) of the structure 11, for every position
i >0, for every $1Ugpy € C(av), if :

e either A; is singular and there exists j > i s.t. ¢po € A; and for all k s.t.
1< k<7, ¢ € Ag;

e or A; is not singular and

(1) either ¢ € Aj,j =1

(2) or there exists j > i s.t. ¢po € Aj and for all k s.t. i <k < j, ¢ € Ag.

then ¢1U¢2 € Az
Proof. We reason by considering the three following mutually exclusive cases:

(1) Aj;issingular and there exists j > is.t. ¢ € A; and forall ks.t. i < k < j,
¢ € Aj. We reason by induction to show that ¢,U¢p, € A;_; for all [ s.t.
1<I<jer.

e Base case: [ = 1. By hypothesis, we know that ¢, € A;. We now reason
by cases:

(a) if A;_; is right closed then we have Aj_lA]Aj and by definition of
A], O¢2 € A,_1. Using the axiom (9) we deduce by (Prop) that
¢1Ugy € Aj_;.

(b) if A;_; is right open then we know that j <1 > i (as I; is singular
by hypothesis) and thus ¢; € A;_;. Also as Aj,IA[Aj, Op1 € Aj.
Using the mirror of axiom (8) and a propositional reasoning, we
obtain ©(¢,Ugs) € A; and by definition of A}, ¢;Uspy € A; .

e Induction case: 1 <[ < i< 5 <1 and we have established the result
for 1 <1, 1ie. ¢;Upy € Aj__1). Let us show that we have the result for
A;_;. First note that by hypothesis, ¢; € A;_;_;). We again reason by
cases:

21



(a) I;_; is right closed. Then we have Aj,lA]Aj_(l_l) and by defini-
tion of A], for all O¢ € C(a), O¢ € A;_ iff ¢ € A;j_(;_1),thus
O(¢1Ue2) € Aj_; and by axiom (7) we have that ¢;U¢p, € A;_.

(b) A,_, is right open. Then we have Aj,lA[Aj_(l_l) and by definition
of A, for all ©¢ € C(a), ©¢ € Aj_q_y) iff ¢ € A;_;. We know
that by hypothesis, ¢, € A;_; as j <l # i (I; is singular and [;_;
not), thus ©¢; € A;_ (1), also ¢;U¢y € A; ;1) (by induction
hypothesis). Using the mirror of axiom (8) and a propositional
reasoning, we obtain ©(¢U¢p,) € A;__;y and by definition of A[
that ¢1U¢)2 € Aj—l-

(2) Aj; is not singular and ¢, € A;. As A, is not singular, we have AiA}Ai, by
definition of A}, we have O¢y € A;. By the axiom (9) and a proposition
reasoning, we obtain the desired result: ¢;Upy € A;.

(3) Aj; is not singular, ¢y ¢ A;, and there exists j > i s.t. ¢ € A; and for all
kst.i<k<j, ¢, € Ag. This case is treated by an inductive reasoning
similar to the first one above.

[ |
We have also the two corresponding mirror lemmas for the S-operator.

From the previous proved lemmas, it can be shown that the qualitative axioms
of section 3 are complete for the qualitative fragment of EventClockTL, i.e. the
logic LTR.

Lemma 20 A run p has the Hintikka property for LTR formulae: for every
LTR formula ¢ € C(a), ¢ € p(t) <> (p,t) | ¢.

Proof. The Hintikka property was proved in the lemmas above, but expressed
without reference to time t. It remains to prove that this implies the usual
definition, by induction on formulae.

(1) Let t € I;. We must prove 3t' > t At' = ¢y and V" € (¢,1'), t" = ¢1 V @9
from H2. Of course, we take ¢ somewhere in I;, so that ' = ¢s.

(t,t') can be divided in 3 parts: the part in I;, which is empty when [;
is singular, the part in some I} (i < k < j), the part in I,;. Each of them
satisfies ¢y V ¢s.

(2) Conversely, the usual definition implies H2: First note that given ¢, if
A; = p(t) is not singular but I; is singular, it means that A;; = A; by
lemma 6. Thus we can merge I;, [;,; to ensure that I; is singular iff A;
is singular without loss of generality. Let j be the first index where ¢,
g > if I; is singular, or else j > i. We can take t' > ¢ in I; without loss
of generality. Since we need t” |= ¢ V @9, all intermediate intervals must
satisfy ¢.
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(H3) is symmetric. B

Finally, we have the following theorem that expresses the completeness of the
qualitative axioms for the logic LTR:

Theorem 21 FEvery LTR formula that is consistent with the qualitative ax-
1oms is satisfiable.

Proof. Let a be a consistent LTR formula. We construct II* = (A, A). Let
B € A be an atom of the structure such that o € A. Such an atom B exists as
« is consistent. By lemma 16, there exists a run p = (A, I) such that B = A,
for some ¢ > 0. By lemma 20, we have (p,t) = « for all t € I; and thus « is
satisfiable. W

We now turn to the completeness of real-time axioms.
4.2 Quantitative part

A run p = (A, I) of the structure I1 has the timed Hintikka property if it
respects the Hintikka properties defined previously and the two following ad-
ditional properties:

H4 v;¢ € p(t) iff there exists t' € t+1 such that ¢ € p(t') and V" : t < t" < t+1,

—¢ € p(t")
H5 <;¢ € p(t) iff there exists t' € t<I such that ¢ € p(t') and V" : t > t" > t&],

- € p(t")

A run that respects those additional properties is called a well-timed run. In
the sequel, we will show that for each run of the structure ﬂ, we can modify
its sequence of intervals, using a procedure, in such a way that the modified
run is well-timed.

Recall that given a tracked formula ¢ € R,

e >_;¢ is called its tick;

e (OANOp)V (mp A O¢) is called its event (note that the second case need
not be considered thanks to the axioms (20), (22));

e (pNO=9)V (mp A (p) is called its reset.

The evolution of the real-time predicates is described by figure 2. We can now
see the status of this drawing:

Lemma 22 For any tracked formula ¢ € R, the projection offI (restricted to
atoms containing the formulae Co) on ¢, <19, <4=10, <10, &xp is contained in
figure 2.
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Proof. 1t suffices to show that no further consistent atoms nor transitions can
be added to the figure.

e Atoms: from the axioms (15), (17), (14), (16).
e Transitions: We simply take all missing arrows of the figure, and show that
they cannot exist. As the proof is fairly long, we only show some excerpts.
(1) Assume that an atom A containing ¢,<_;¢ is linked to an atom B con-
taining —¢,<s1¢ in this way: AA]B. Since <=1¢ € B, by axioms (14),
(15), (16), we have =< ¢ € B. Now by definition of A], O—<ac1 0 € A,
and by (34), = (O <.1¢ € A. Now the main step: we use the mirror of
(23), negated on both sides. = (O T is impossible by (13), and thus we can
conclude —¢ € A contradicting ¢ € A.
(2) Now we show the only two transitions which are eliminated by the re-
striction to C¢. The first one is AA]B where A contains <-1¢, =¢, Co and
B contains <.1¢, ¢. We prove C¢p — — (O ¢ using (9). In more detail, Co
abbreviates —¢U(¢ A ©—¢). Applying (9) and unfolding U=, we obtain
using (35): O(p A ©=¢) VO(—¢ A ...). The first disjunct is impossible,
by (5), (34), (38). .
On the other hand, by definition of A}, O¢ € A, whence the contradic-
tion.
(3) The second transition eliminated is AA]B where A contains <s1¢, —¢, Co
and B contains <.1¢, n¢. By definition of A}, (O << ¢ € A. By axiom
(22), a<1¢ € A, contradicting <51¢ € A.

A constraint is a real-time formula of an atom A;. The begin of a constraint
is the index e at which its previous event, tick or reset occurred. The end of
a constraint is the index j at which its next event, tick or reset occurs. This
vocabulary refers to the order of time only: the begin is always before the
corresponding end, whether for history or prediction operators. Begins, ends,
ticks, resets, events are always singular. We say that (the history clock of) ¢ is
active between an event ¢ and the next reset of ¢. It is small between its event
and the next tick or reset. After this, it is big. When it is big, it doesn’t give
actual constraints, since it can stay big for any time, on one hand, and on the
other hand because it has passed first through a tick, which is forced to be 1
time unit apart from the event. Thus the monotonicity of time will ensure that
big constraints are indeed semantically true. We define the scope of a constraint
as the interval between the event and the next tick or reset, or equivalently
between its begin and its end. The same vocabulary applies symmetrically for
prediction operators. Actual constraints are either equalities (the time spend
in their scope must be 1), linking an event to a tick, or inequalities (the time
spend in their scope must be less than 1). An inequality is always linked to
a small clock. Constraints can be partially ordered by scope: it is enough to
solve constraints of maximal scope, as we shall see. A constraint of maximal
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scope always owns indexes: they are found at the end of its scope. The scope
of an inequality extends from an event to a reset. Whether an atom A; is in
the scope of a constraint, and which, can be deduced from its contents. The
table below shows the contents of an atom A; that is the end of an equality.
We distinguish the prediction and history cases. The table is simplified by the
fact that we can assume that events are closed. The begin atom is the closest
one in the past to contain the indicated formulae.

Table 1
Equality constraints — ticking clocks

begin end in A;
¢ (event) d—1¢ (tick)
>_1¢ (tick)|p, 7S >_1 ¢ (event)

The table below shows the contents of an atom A; indicating that the clock is
small. It is thus in the scope of a constraint, whose begin is before and whose
end is after. The begin (resp. end) is the closest atoms with the indicated
contents.

Table 2

Small clocks

begin in A; end
>_1¢ (tick) b1, STy P ¢ (event)
¢ (event) de1p, PS¢ a_1pV ¢V O (tick or reset)
¢V O (reset) | >y ¢SP, (¢S o1 @), (b1 V (¢ A O9) ¢ (event)

Note that the existence of the begin and ends is guaranteed by fig. 2: a clock
cannot stay small forever. In this section, we furthermore enforce that it will
not stay small more than 1 unit of time.

The proof shows that these constraints can be solved iff they are compatible
in the sense that the scope of an equality cannot be included in the scope
of an inequality, nor strictly in the scope of another equality. The axioms for
several clocks ensure this compatibility.

The previous section has built a run p = (A4, 1), where I is irrelevant, that
is qualitatively correct. From any such run p = (A, I), we now build a well-
timed run Attr(p) = (A, J) by attributing a well-chosen sequence of intervals
J = JoJi...J,... to the atoms of the run, so as to satisfy the real-time
constraints.

Before, we introduce two lemmas on which the algorithm relies, that can also
be read from fig. 2:
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Lemma 23 For every run p = (A,I) of the structure f[, we have that if
Q=11 € A; then there exists 0 < j <4 such that ¢ € A;.

Proof. This lemma is a direct consequence of the mirrors of axioms (14) and
(17). m

Lemma 24 For every run p = (A,I) of the structure I1, we have that iof
o=, ¢, S >_y ) € A; then there exists 0 < j < @ such that > € A;.

Proof. This lemma is a direct consequence of the mirror of axiom (10). H

The algorithm proceeds by induction along the run, attributing time points
[t;,t;] when i is even. As a consequence, an open interval (t; 1,%;11) is at-
tributed when ¢ is odd: we don’t mention it, and just define ¢; for even .

(1) Base: ty = 0, i.e. we attribute the interval [0, 0] to the initial atom A,.
(2) Induction: we identify and solve the tightest constraint containing i. We
define b as the begin of this tightest constraint, by cases:
(a) equality constraints:
(i) If there is an <_;1p € A; there has been a last (singular) atom
Ap containing 1) before at time t,.
(ii) Else, if ©—p, 9, ~)S>_1 b € A; there has been a last atom A,
containing >_1¢ before A;, at time t,.
We set t; =t, + 1, i.e., we attribute [t, + 1,¢, + 1] to A;.
(b) If there are no equality constraints, we consider inequality constraints:
(i) We compute the earliest begin b of the small clocks using table 2.
t; has to be between t;_5 and ¢, + 1. We choose t; = (t;_o + t, +

1)/2.

(ii) Otherwise, we attribute (say) t; o + 1/2 to A;.

The algorithm selects arbitrarily an equality constraint, but is still determin-
istic:

Lemma 25 If two equality constraints have the same end i, their begins by, by
are identical.

Proof. Four combinations of equality constraints are possible:

(1) The first constraint is <—;¢
(a) The second constraint is <—;¢: A; contains thus <<;¢» by (14). We
apply (26) to obtain —~@St.

We repeat this with 1, ¢ inverted to obtain —tS¢. These formulae
imply by the mirror of Lemma 19 that v cannot occur before ¢, and
conversely, thus they occur in the same atom.

(b) The second constraint is the event ¢, = © ¢ with —=¢)S>_; : then A;
contains <<;¢ by (14). We apply (29) to obtain —>_y 1)S¢.
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Since A; contains —pUZ <_; ¢ since its eventuality <—;¢ is true
now. We apply (28) to obtain —¢Z(>>19 V ¢). Since =)S>_ 1) € A;,
we know that the tick occurs first (perhaps ex-aequo) among the
possibilities that end the Z.
These formulae imply by Lemma 19 that >_;v cannot occur before
¢, and conversely, thus they occur in the same atom.
(2) The first constraint is the event ¢ with =¢S>_; ¢ € A;:

(a) The second constraint is <—;¢) € A;: This case is simply the previous
one, with ¢, ¢ inverted.

(b) The second constraint is the event ¢ with —¢)S >_; ¢): A; contains
—pUZ ¢ since its eventuality ¢ is true now. We apply (27) to obtain
“>oy @Z(><1tp V ). By =S >y 1), the tick >_11) occurred first.

We repeat this with v, ¢ inverted. These formulae imply by Lemma 19
that >_q11 cannot occur before >_; ¢, and conversely, thus they occur
in the same atom.

[ |
Solving an equation at its end also solves current partial inequations:

Lemma 26 If A; is in the scope of an inequation, and the end of an equation,
then the begin A; of the inequation is after the begin Ay of the equation (b < j).

Proof. There are 3 possible forms of inequations in A; (see table 4.2):

(1) l><1’g/}, _'1/)S+ >_q 1/) € Az and l>:1’¢} € Aji

let j < ¢ be its begin, i.e. >_;9) € A;. We must show that b < j. The

equation can be:

(a) 4:1(]5 € Az and ¢ € Abi
thus =¢)U= <y ¢ € A;; by (28) =¢Z(>>19 V ¢) € A;. The first case
is true as by hypothesis =¢)ST>_; ¢ € A; (>—1¢ must occur before )
in the past), and gives b < j.

(b) d), —|¢>S >_1 ¢ c Az and l>:1¢ c AbI
using (27), we obtain ~>_; ¢Z(><1 V) € A;. The first case is true,
by hypothesis, and gives b < j.

We cannot assume b = j, because the mirror of lemma 25 then gives

¥ € A;, contradicting ST >_1 ¢ € A;. We conclude b < j.

(2) <1<1’¢), _|1/)S’¢) S Az

let j < i be its begin (its event), i.e. ¢ € A;. We must show that b < j.

The equation can be:

(a) <19 € A; and ¢ € A,
We apply (26) to obtain —¢St), meaning by the mirror of lemma 19
that b < j. =S¢ ¢ A;, for otherwise we apply (30) yielding <.1¢ €
A; contradicting <—1¢ € A; by (15), so we conclude b < j.

(b) ¢,7¢S>_1 ¢ € A; and b1 € Ay:
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by (29) = >y ¢SY € A;, so b < j. We cannot have the reverse
—)S >_; ¢, for otherwise we apply the mirror of (31) and deduce
—¢ € A;, so we conclude b < j.

(3) > ¥SY, (=S ¥), (Pt V) € As

let j < i be its begin (a reset). Either >_j¢) € A; already, or if the
event is in A;, we use axiom (23) to show >.;¢) € A;_;. Since there is no
intervening v between j and i, the fig.2 implies >y € A, and thus
>t € Aj by (22). Because ~(—¢)S>_; ¢) € A;, we deduce b1 € Aj.
Now, we must show that b < j. The equation can be:

(a)

d_1¢ € A; and its event ¢ € Ay:

As > Vop € A;, we apply (28) to obtain ~¢Z(><19) V 1)), which
means b < j. Again because there are no intervening v between j
and ¢, using lemma 19 we have —9)U <1, ¢ € A;. Using the mirror
of (31), <16, ~¢ € A;, thus j = b is impossible, since ~¢ € A; and
¢ € Ay. We conclude b < j.

o, —|¢>S >_1 ¢ E A; and D_1¢p € Ap:

so ~pUZ¢ € A;, and we use (27) to obtain = >_y ¢Z(><1) V ) €
A;. The reset 1 occurs strictly before the tick, so the first case is
excluded, giving = >_; ¢ € Aj; using >« € Aj, b9 € Aj. Again
because there are no intervening 1 between positions j and i, we
have =¢)U <a—; ¢ € A;. Using the mirror of (30), >.1¢ € A; . The
second case is thus true, and means b < j. b = j is impossible, since
> € Aj, 19 € Ay. We conclude b < j.

We now show that the algorithm Attr assigns time bounds of intervals that
are increasing.

Lemma 27 The sequence t; built by Attr is increasing.

Proof. In the notation of the definition, this amounts to prove t;_o < t, + 1
when b is defined, since ¢; is either #, + 1 (in the case of an equality) or the
middle point of (¢;_3,% + 1) (in the case of an inequality). If b is not defined
(no constraints) then it is trivially verified as we attribute ¢; 5+ 1/2 to t;. We
prove the non trivial cases by induction on i:

(1) base case: i = 2. Either:

()
(b)

no constraint is active, b is undefined;
b=0,t,=0,t; o =0. We just have to prove 0 < 1.

(2) induction: We divide in cases according to the constraint selected at i <32,
whose begin is called b;_s:

(a)

an equality: by lemmas 25, 26, its begin was before, i.e., b,_o < b.
By inductive hypothesis, ¢; is increasing: t,,_, < ,. Thus t,_o =
tbi72 +1<t,+1.
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(b) an inequality: Thus the begin b;_5» < b;, since it was obtained by
sorting. By inductive hypothesis, ¢; is increasing: so #,_, < t,. By
inductive hypothesis, t;_4 < ty, ,+1. Thus t; o = (t;_ s+t ,+1)/2 <
(to, , + 1+t , +1)/2=1, ,+1<t,+1.

[ |
Furthermore, the algorithm Attr ensures that time increases beyond any bounds:

Lemma 28 The sequence of intervals J of Attr(p) = (A, J) built by our
algorithm has finite variability: for all t € R, there exists an i > 0 such that
tel,.

Proof. Although there is no lower bound on the duration of an interval, we
show that the time spend in each passage through the final cycle of A =
AgAy .. (AnAnyr ... Apym)? is at least 1/2. Thus any real number ¢ will be
reached before index 2tc, where ¢ is the number of atoms in the final cycle.
We divide in cases:

(1) If the cycle A, A,y ... Ay contains an atom which is not in the scope
of any constraint, the time spent there will be 1/2.

(2) Else, the cycle contains constraints, and thus constraints of maximal
scope. This scope, however, cannot be greater than one cycle. Let e the
end of such a constraint. Thus e is in the scope of no other constraint
with an earlier begin.

The time spent in the scope of the constraint until 7 is at least 1/2:
Let again b be the begin of the scope of the constraint. t,_o > t;, (since
the begin and end are singular and distinct), thus our algorithm gives
te > (teo+ty+1)/2 > t, + 1/2. Since the scope cannot be greater than
one cycle, the time spent in a cycle is at least 1/2.

[ |
This procedure correctly solves all constraints:

Lemma 29 The interval attribution Attr transforms any run p in a well-
timed run Attr(p).

Proof. We show the two supplementary properties of a well-timed run:

(1) Let <s¢ € p(t) = A;. We must show that the next 1) occurs in t < 1. <t
can be:
(a) <51t These constraints are automatically satisfied because:
(i) the mirror of the eventuality rule (17) guarantees ) has occurred.
dj <t ¢ € A; ; Let us take the first such j, which is the
corresponding event.
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(ii) According to fig.2, ¢ will stay false, and eventually we will reach
<I:11/)I 1k ] <k< ’i,<|:11/) c Ak;

(iii) the axiom (25) guarantees that satisfying the equality will entail
satisfying the greater-than constraint, since they refer to the
same tracked event, and since the equality is later. In formulae,
for any t; € I;, t; <t; by lemma 27, ), = t;+1, so that ¢; > t;+1.

(b) <—11: Since this is an equality constraint, the algorithm A¢tr must
have chosen an equality constraint with begin 0. Thus ¢; = ¢, + 1. By
lemma 25, the begin event ¢ is also in A,.

(c) <<q9p: If i isn’t even (singular), we know that the constraint will still
be active in the next atom ¢ + 1, because the end of a constraint is
always singular. By (22):

e It might become an equality (the clock may tick), in which case
it is treated as in the previous case (with i+1 instead of ¢). Then
the monotonicity of time will ensure that I; < t;,1 =t, + 1.

e If it is still the same inequality, it is treated below (with i 4 1
instead of 7). Then the monotonicity of time will ensure that
I <ty <ty +1.

Thus at this point we can assume that 7 is even. Let j < ¢ be the

begin of the constraint, ¢ € A;. The constraint selected by Attr at i

can be:

(i) an equality: by lemma 26, its begin b < j, so that t;, = ¢, + 1 <
tj+ 1.

(ii) or the constraint chosen in A; is an inequality. The pair < €
Aj,p € Aj is also an inequality in A;: let f be its begin. The
algorithm has selected the constraint with the earliest begin b.
Thus b < f <j<i,and ¢; <t +1. Thus t; < t; + 1.

(2) Let >p1) € p(t) = A;. Very similarly, we must show that the next 1 occurs
in t+ I. > can be:

(a) >s1t: These constraints are automatically satisfied because:

(i) the eventuality rule (17) guarantees 1 will occur: 35 > i ¢ €
A;. We take the first such j, which is the corresponding event.
We can assume it is singular.

(ii) Figure 2 guarantees that there is first a tick: 3k ¢ < k <
J,>=1y € Ay;

(iii) the reset rule (25) guarantees that satisfying the equality will
entail satisfying the greater-than constraint, since they refer to
the same end event, and since the equality is later. In formulae,
for any t; € [i, tey >t by lemma 27, t, = tj<:>1, so that ¢; < tj<:>1.

(b) >_1%: let A; contain the next event of 1. Since this is an equality con-
straint, the algorithm Attr must have chosen an equality constraint
at A;. By lemma 25, its begin is 7. Thus ¢; =¢; + 1.

(c) p<yt): Let A; contain the next event of 1. The constraint selected by
Attr at j can be:

(i) an equality: by lemma 26 its begin b < i, so that t; = ¢, + 1 <
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t; + 1 for any t; € I;.

(ii) or the constraint chosen in A, is an inequality. The pair >.1¢ €
Aj,p € Aj is also an inequality in Aj;: let f be its begin. The
algorithm has selected the constraint with the earliest begin b.
Thus b < f <4 < j,and t; <t,+ 1. Thus ¢; < t; + 1, for any
t; € I;.

The reader now expects a proof for the converse implication. This is not needed
thanks to (43). B

As a consequence of the last lemmas, we have:

Lemma 30 A timed run built by Attr has the Hintikka property for Event-
ClockTL: Vo € C, ¢ € p(t) <> (p,t) = ¢.

Finally, we obtain the desired theorem:
Theorem 31 FEvery EventClockTL-consistent formula is satisfiable.

Proof. If o is a EventClock T L-consistent formula then there exists an a-monitored
atom A, in IL By lemma 16, there exists a set of runs ¥ that pass through
A, and by the properties of the procedure Attr, lemma 18, lemma 28 and
lemma 29, at least one run (A,I) € ¥ has the Hintikka property for Event-
ClockTL. It is direct to see that (ANP,T) is a model for v at time ¢ € I, (the
interval of time associated to A, in (A4, T) ) and thus « is satisfiable. B

Corollary 32 The rule (1) and azioms (2)-(31) form a complete aziomati-
zation of EventClockTL.

4.3 Comparison with automata construction

In spirit, the procedure given above can be considered as building an au-
tomaton corresponding to a formula. The known procedures [3] for deciding
MetricInterval TL use a similar construction, first building a timed automaton
and then its region automaton. We could not use this construction directly
here, because it involves features of automata that have no counterpart in the
logic, and thus could not be expressed by axioms. However, the main ideas are
similar. The region automaton will record the integer value of each clock: we
code this by formulae of the form >_;>_;...>_; ¢. It will also record the order-
ing of the fractional parts of the clocks: this is coded here by formulae of the
form —>_;...>_1pU>_;..._1 0. There are some small differences, however. For
simplicity we maintain more information than needed. For instance we record
the ordering of any two ticks, even if these ticks are not linked to the current
value of the clock. This relationship is only inverted for a very special case:

31



when a clock has no previous and no following tick, we need not and cannot
maintain its fractional information. It is easy to build a more careful and more
efficient tableau procedure, that only records the needed information.

The structure of atoms constructed here treats the eventualities in a different
spirit than automata: here, there may be invalid paths in the graph of atoms.
It is immediate to add acceptance conditions to eliminate them and obtain a
more classical automaton. But it is less obvious to design a class of automata
that is as expressive as the logic: this is done in [14].

4.4 Other time domains

As we have already indicated incidentally, our proofs are written to adapt to
other time domains T with minimal change. We only consider totally ordered
dense time, however. For instance, we could use as time domain:

(1) The real numbers, T = R: We replace (12) by the mirror of (13).

(2) The rational numbers, T = Q: If we force the bounds of an interval to
be rational as well, nothing has to be changed. Otherwise, a transition
from an open interval to an open interval is now possible, if the common
bound is irrational. This defeats the induction axiom (11). We postpone
the study of this case to a further paper, but the basic ideas of the proof
still apply.

(3) A bounded real interval:

(a) closed T = [l,r]: For the qualitative part, we replace (13) by the
mirror of (12). For the quantitative part, we first remove the axiom
(25). If the duration of the interval d = [ < is integer, we add:

_|@—|——>l>:d_lo—|— (47)

stating that the beginning is at distance d from the end. Otherwise,
we add the best approximation of this:

2OT =y~ OT (48)

(b) open T = [l,r): For the qualitative part, we replace (13) by the
mirror of (12): from a qualitative point of view, an open interval is
indistinguishable from an infinite one.
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5 Translating MetricInterval TL into EventClockTL

The logics have been designed from a different philosophical standpoint: Metricln-
terval TL restricts the undecidable logic MetricTL by “relaxing punctuality”,
i.e., forbidding to look at exact time values; EventClockTL, in contrast, forbids
to look past the next event in the future. However, we have shown in [14] that,
surprisingly, they have the same expressive power. The power given by nesting
connectives allows to each logic to do some of its forbidden work. Here, we
need more than a mere proof of expressiveness, we need a finite number of
axioms expressing the translation between formulae of the two logics. We give
below both the axioms and a procedure that use them to provide a proof of
the equivalence.

First, we suppress intervals containing 0:
U <V (¢U,¢)  with J =1\ {0} and 0 € I (49)
Then we replace bounded untils U; with 0 ¢ I by simpler {;, provided 0 & I:
Uit ¢ Ocr (v U%) AOcr(6 A U%) AUy A Ory (50)

where [ is the left endpoint of I, the intervals J = {t|0 <t < I}, Jy = {t|O <
t<I}.

We suppress classical until using:

oU > pU (1) A ©9) (51)

For infinite intervals, we reduce the lower bound [ > 0 to 0 using

Q0000 < Lo,y 09 (52)
Qltoe)® < Diog(d Vv O00) (53)

For finite intervals with left bound equal to 0, we exclude it if needed with
(49), and we use the > operator:

<>(0,u)¢ Ad [><u¢ (54)
Qu® <> Pautd (55)

Note that the formulae >.,¢ and ><,¢ can be reduced to formulae that only
use constant 1 using the axioms (18) and (19).

When the left bound of the interval is different from 0 and the right bound
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different from oo, we reduce the length of the interval to 1 using:

Qrusd < 1oV O ¢ (56)

Then we use the following rules recursively until the lower bound is reduced
to 0:

Q1)@ < Op=1,) =1 OdV Q-1 >=1 ¢V Oy1 b1 @ (57)
Quis1)® < Q-1 >=1 OOV Q-1 b=1 ¢V Uy 1><1 ¢ (58)
Opirny@ < Q-1 =1 QP V Op—1,y >=1 &V U—1,500,1)¢ (59)
Opi+119 < Q-1 >=1 OOV Q-1 >=1 ¢V O-1,100,1)¢ (60)

In this way, any MetriclntervalTL formula can be translated into a Event-
ClockTL formula where bounds are always 0 or 1. Actually, we used a very
small part of EventClockTL; we can further eliminate >_¢:

P19 < (CHA=>_ 9UT ) V (=(Ch) A=y OpUT O ) (61)

showing that the very basic operators >_;,<—; have the same expressive power
as full Metriclnterval TL.

The converse translation is much simpler:

>rd <> ~Ocrd A Qo1& (62)
$Up < (¢ V 1)Uy (63)

5.1 Axiomatization of MetricInterval TL

To obtain an axiom system for MetriclntervalTL, we simply translate the ax-
ioms of EventClockTL and add axioms expressing the translation.

Indeed, we have translations in each direction:

T : EventClockTL — MetricInterval TL

S : MetricInterval TL — EventClockTL.

Therefore, to prove a Metriclnterval TL formula p, we translate it into Event-
ClockTL and prove it there using the procedure of section 4. The proof 7 can
be translated back to MetricIntervalTL in T'(7) proving T'(S(u)). Indeed, each
step is a replacement, and replacements are invariant under syntax-directed
translation preserving equivalence:

T(¢ < ¢) =T(¢) & T(9)



To finish the proof we only have to add UEOy Actually the translation axioms

above are stronger, stating 7'(S(p)) <> p. In our case, T' (defined by (62), (63))
is so simple that it can be considered as a mere shorthand. Thus the axioms
(1)—(29) and (49)—(60) form a complete axiomatization of MetriclntervalTL,
with >7, U now understood as shorthands.

Theorem 33 The rule (1), axioms (2)-(29), and axioms (49)-(60) form a
complete axiomatization of MetricIntervalTL.

6 Conclusion

The specification of real-time systems using dense time is natural, and has
many semantical advantages, but discrete-time techniques (here proof tech-
niques [8,18]) have to be generalized. The model-checking and decision tech-
niques have been generalized in [2,3]. Unfortunately, the technique of [3] uses a
translation to automata which are more powerful and complex than temporal
logic, and thus is not suitable for building a completeness proof.

This paper provides complete axiom systems and proof-building procedures
for linear real time, extending the technique of [19]. This procedure can be
used to automate the proof construction of propositional fragments of a larger
first-order proof.

Some possible extensions of this work are:

e The proof rules are admittedly cumbersome, since they exactly reflect the
layered structure of the proof: for instance, real-time axioms are clearly sep-
arated from the qualitative axioms. More intuitive rules can be devised if we
relax this constraint. This paper provides an easy way to show their com-
pleteness: it is enough to prove the axioms of this paper. This also explains
why we have not generalized the axioms, even when obvious generalizations
are possible: we prefer to stick to the axioms needed in the proof, to facilitate
a later completeness proof using this technique.

e The logics used in this paper assume that concrete values are given for real-
time constraints. As demonstrated in the HyTech checker [13], it is often
useful to mention parameters instead (symbolic constants), and derive the
needed constraints on the parameters, instead of a simple yes/no answer.

e The extension of the results of this paper to first-order variants of Metricln-
tervalTL should be explored. However, completeness is often lost in first-
order variants [23].

e The development of programs from specifications should be supported: the
automaton produced by the proposed technique might be helpful as a pro-
gram skeleton in the style of [24].
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