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Abstract

TPTL and MTL are two classical timed extensions of LTL. In this paper, we prove
the 20-year-old conjecture that TPTL is strictly more expressive than MTL. But
we show that, surprisingly, the TPTL formula proposed in [AH90] for witnessing
this conjecture can be expressed in MTL. More generally, we show that TPTL
formulae using only modality F can be translated into MTL.

1. Introduction

Temporal logics.. Temporal logics are a widely used framework in the field
of specification and verification of reactive systems [Pnu77]. In particular,
Linear-time Temporal Logic (LTL) allows to express properties about each
individual execution of a model, such as the fact that any occurrence of a problem
eventually triggers the alarm. LTL has been extensively studied, both w.r.t its
expressiveness [Kam68| [GPSS80, [Mar03] and for model-checking purposes [SC85]
VW86, Var96].

Timed temporal logics.. At the beginning of the 90s, real-time constraints have
naturally been added to temporal logics [Koy90, [ACD90], in order to add
quantitative constraints to temporal logic specifications. The resulting logics
allow to express e.g. that any occurrence of a problem in a system will trigger
the alarm within at most 5 time units.

When dealing with dense time, we may consider two different semantics
for timed linear-time temporal logics, depending on whether the formulae are
evaluated over timed words (i.e., over a discrete sequence of observations of the
system; this is the pointwise semantics) or over timed state sequences (i.e., over
the continuous observation of the system; this is the interval-based semantics).
We refer to [AH92b, [Hen98), [Ras99] for surveys on linear-time timed temporal
logics.
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Expressiveness of TPTL and MTL.. Two interesting timed extensions of LTL are
MTL (Metric Temporal Logic) [Koy90, [AH93] and TPTL (Timed Propositional
Temporal Logic) [AH94].

MTL extends LTL by adding subscripts to temporal operators: for instance,
the above property can be written in MTL as

G (problem = F<jalarm).

TPTL is “more temporal” [AH94] in the sense that it uses real clocks in order
to assert temporal constraints. A TPTL formula can “reset” a formula clock
at some point, and later compare the value of that clock to some integer. The
property above would then be written as

G (problem = z.F (alarm A z < 5))

where “z.” means that x is reset at the current position, before evaluating ¢.
This logic also allows to easily express that, for instance, within 5 time units
after the occurrence of a problem, the system triggers the alarm and then enters
a failsafe mode:

G (problem = z.F (alarm A F (failsafe A x < 5))). (1)

While it is clear that any MTL formula can be translated into an equivalent
TPTL one, Alur and Henzinger state in [AH92bl [AH93| that there is no intuitive
MTL equivalent to formula . It has thus been conjectured that TPTL would
be strictly more expressive than MTL [AH92bl [AH93| [Hen9§|, formula being
proposed as a possible witness not expressible in MTL.

Our contributions.. We consider that problem for the aforementioned semantics
(pointwise and interval-based) over infinite sequences. We prove that

e the conjecture does hold for both semantics;

e for the pointwise semantics, formula witnesses the expressiveness gap,
i.e., it cannot be expressed in MTL;

e for the interval-based semantics, formula can be expressed in MTL,
but we exhibit another TPTL formula that cannot be expressed in MTL,
confirming the conjecture.

Our study also yields several interesting side-results:

e we prove that, for the interval-based semantics, MITL (a restriction of MTL
where timing constraints are restricted to be non-singular [AFH96]) cannot
express property . This result is counter-intuitive, since formula
does not involve any punctual constraint.

e MTL is strictly more expressive under the interval-based semantics than
under the pointwise one, since it can express formula only in the first
case. This had recently and independently been remarked in [DP0T7] in the
case of finite words;



e we also get that, for both semantics, MTL+Past and MITL+Past (where the
past-time modality “since” is used [AFH96]) are strictly more expressive
than their respective pure-future fragments.

e our main result also extends to the branching-time logic TCTL with explicit
clock [HNSY94], which we prove is strictly more expressive than TCTL
with subscripts [ACD93], as conjectured in [ATu91l [Yov93].

Finally, we prove that, under the interval-based semantics, the fragment
of TPTL where only the modality F is allowed (which we call the existential
fmgmenﬂ of TPTL, and write TPTLg) can be translated into MTL (actually,
into the corresponding ezistential fragment MTLg of MTL). This generalizes the
fact that formula can be expressed in MTL (in formula (T]), the subformula
under G is in TPTLp, and can thus be expressed in MTL).

Those results are summarised on Figure|l| (where edges going upwards indicate
gaps in expressiveness).

TPTL TPTL
MTL+-Past N MTL+Past \
MITL+Past  MTL MITL+Past ~ MTL  °
NN \ Ny TPTLe
MITL \ \ MITL S
MTLg — TPTLg MTLg
interval-based semantics pointwise semantics

Figure 1: Summary of our expressiveness results (dashed edges indicate folk results)

Related work.. Over the last 15 years, many researches have focused on expres-
siveness questions for timed temporal logics (over both integer and real time).
We refer to [AH92al [AH93, [AH94, BLI5, [AFH96l RSHIS|, [FRO7] for original
works, and to [Ost92, [Hen98, [Ras99] for surveys on that topic.

MTL and TPTL have also been studied for the purpose of verification. If the
underlying time domain is discrete, then MTL and TPTL have decidable verifica-
tion problems [AH93| [AH94]. When considering dense time, verification problems
(satisfiability, model-checking) become much harder: [AFH96] proves that the
satisfiability problem for MTL is undecidable when considering the interval-based
semantics. This result of course carries on to TPTL. It has recently been proved
that model-checking and satisfiability are decidable (but non-primitive recursive)
for MTL over finite words under the pointwise semantics [OW05], while they are
still undecidable for TPTL [AH94].

INot to be confused with the existential fragment of branching-time logics.



Recently, MTL and TPTL have been investigated in the scope of monitoring
and path-checking. [TRO05] proposes an (exponential) monitoring algorithm
for MTL under the pointwise semantics. [MRO6] shows that, in the interval-
based semantics, MTL formulae can be verified on lasso-shaped timed state
sequences in polynomial time, while TPTL formulae require at least polynomial
space.

Plan of the paper.. The paper is organized as follows: in Section [2| we define
the logics TPTL and MTL together with the two semantics we consider. In Sec-
tion [3, we present our main result, namely that TPTL is strictly more expressive
than MTL (for both semantics), whereas the last section (Section [4]) focuses on
the “existential” fragments of TPTL and MTL, where only the modality F is
allowed.

2. Timed Linear-Time Temporal Logics

Basic definitions.. In the sequel, AP represents a non-empty, countable set
of atomic propositions. We let R (resp. Rs,, Q, Qs,, N, N_;) denote the set
of reals (resp. nonnegative reals, rationals, nonnegative rationals, nonnegative
integers, positive integers). An interval is a convex subset of R. An interval I’
is adjacent to another interval I when I'NI' = (), TU I is an interval and for all
x€l, forall ye ', x <y. Given an interval I and a real number ¢, we write
I —t for the interval {t’ e R | ¢ +¢ € I}. We denote by Zg (resp. Zg.,, Zg) the
set of intervals whose bounds are in R (resp. Rs,, Q). B

Given a finite set X of variables called clocks, a clock valuation over X is a
mapping v: X — R, which assigns to each clock a time value in R,. Given
a valuation v and a nonnegative real ¢, we write v[z — t] for the valuation v’
such that v'(z) = ¢ and v'(y) = v(y) for all y € X ~ {x}. We write 0 for the
valuation such that 0(z) =0 for all z € X.

Timed state sequences and timed words.. An interval sequence over R,
is an infinite sequence I = Iol; ... of non-empty intervals of Zg_, satisfying the
following properties:

e (adjacency) the intervals I; and I;, are adjacent for all ¢ > 0;
e (progress) every nonnegative real belongs to some interval I;.

A timed state sequence over 27 is a pair k = (0, 1) where ¢ = 0¢oy ... is an
infinite sequence of elements of 2P and I = Iy1; ... is an interval sequence. A
timed state sequence can equivalently be seen as an infinite sequence of elements
in 2AP X I]R>O~

Let k = (0,1) be a timed state sequence, and t € R.,. Let i € N be the
unique integer such that ¢ € I;. We write x(t) for the set o; C AP. We also
define the suffiz of k at date t as being the timed state sequence k' = (¢/,I')
such that, for all k € N, 0}, = 0,44 and I}, = (L4 —t) N R,



A time sequence over R, is an infinite sequence 7 = 797y ... of nonnegative
reals satisfying the following properties:

e (initialization) o = 0;
e (monotonicity) the sequence is nondecreasing: 7,11 > 7; for any i € N;
e (progress) every time value is eventually reached: Vt € R,,. 3i € N. 7; > ¢.

A timed word over 2AP is a pair p = (0,7), where ¢ = 0goy ... is an infinite
sequence of elements of 227 and 7 = 797 ... a time sequence over R.,. It can
equivalently be seen as an infinite sequence of elements (0;, ;) of 24P x R.,.

Let p = (o, 7) be a timed word, and ¢ € N. We write p(7;) for o(i), and define
the i-th suffix of p to be the timed word p’ = (¢’,7’) such that, for all k € N,
0}, = Okyi and 7, = Tyi — Ti.

We force timed words to satisfy 79 = 0 in order to have a natural way of
defining initial satisfiability of a temporal logic formula. This is no loss of
generality since it can be obtained by adding a silent action to the alphabet.

2.1. Timed Propositional Temporal Logic (TPTL)

The logic TPTL [AH94, [Ras99] is a timed extension of LTL [Pnu77] which
uses extra variables (clocks) explicitly in the formulae. Formulae of TPTL are
built from atomic propositions, boolean connectives, the modality “until”, clock
constraints and clock resets. Formally:

TPTLo o u=p|loAe|p|pUp|la~c|z.p

where p ranges over AP, x ranges over a finite set of clock variables, ¢ ranges
over Q, and ~ € {<,<,=,>,>}.

There are two main semantics for TPTL, the interval-based semantics which
interprets TPTL formulae over timed state sequences, and the pointwise seman-
tics, which interprets them over timed words. This last semantics is less general
since, as we will see below, formulae can only be interpreted at points in time
when actions occur.

In the literature, both semantics have been considered, and results highly
depend on the underlying semantics. For example, a recent result by Ouaknine
and Worrell [OW05] states that the satisfiability of a formula in MTL (a subset
of TPTL, see below) is decidable under the pointwise semantics, whereas it is
known to be undecidable under the interval-based semantics [AFH90].

Interval-based semantics.. In the interval-based semantics, models are timed
state sequences k, and formulae are evaluated at a date ¢t € R, with a valuation
v: X — Ry, (where X is the set of formula clocks) representing the date at
which each clock has been reset last. The satisfaction relation, denoted with



K, t,v Eip @ (we might omit the index ib, and simply write x,t,v = ¢, when it
is clear from the context), is defined inductively as follows:
I{,t,’U ):ib P lﬁ p € K’(t)a
Kyb,v =i o1 Ao Mf Kt v @1 and kL v =i oo,
Ky t,v g M it is not the case that &, t,v 4 @,
Kot,v i o1 Upe  iff 3t >t such that s, ¢, v i @2,
and Vt <t <t k,t", v Ep 1
KtvEpz~c it t—wv(z)~ec,
A ACE ST X S A s i 2
We write k =4 ¢ when k,0,0 =, . We interpret “z.” as a reset operator.
Note also that the semantics of U is strict in the sense that, in order to satisfy
1 U g, a timed state sequence is not required to satisfy (7; this semantics is
more expressive than the non-strict semantics (see section [2.5]).
In the following, we use classical shorthands: T stands for p V —p, 1 = @9
stands for =1 V @9, F ¢ stands for T U ¢ (and means that ¢ eventually holds

at a strict future time), and G ¢ stands for =(F —¢) (and means that ¢ always
holds in the strict future).

Pointwise semantics.. In this semantics, models are timed words p, and
satisflability is no longer interpreted at a date ¢t € R, but at a position i € N
along the timed word. For a timed word p = (o, 7), with ¢ = (0y);>0 and
T = (7;)i>0, @ position ¢ € N and a valuation v, we define the satisfaction relation
P, %,V FEpw ¢ inductively as follows:

pisv Fpwp  ff pEoy,

0,5,V Epw 01 Ap2 I p i, v Epw 1 and p, 4, v Epw @2,

0,5,V FEpw it is not the case that p,i,v =py @,
P, 5,0 FEpw 1 Uy if 35 > i such that p, j, v Epw ¥2,

and Vi < k < j. p, k,v Epw 1,
p, LV Epwz~c it T —wu(x)~c
05,0 Epw .o M p,i 0[] Epw e
We write p =pw ¢ whenever p,0,0 =,,, ¢. We might omit the index pw when it

is clear from the context.

Example 1. Consider the timed word p = {(a,0){a,1.1)(b,2) ..., and the TPTL
formula ¢ = z.F (x =1Ay.F (y=1AD)). Then p F=p, ¢, because p contains
no action at date 1.

Now, a timed word can be seen as a special case of timed state sequence. For
instance, p corresponds to the timed state sequence

r = ({a},[0,01)(0, (0,1.1))({a}, [1.1, 1.1])(0, (1.1,2)){{b}, [2,2]) . ..

But in that case, k Ei ¢.



2.2. Metric Temporal Logic (MTL)

The logic MTL [Koy90, [AH93] extends the logic LTL with time restrictions
on “until” modalities. Formulae of MTL are built from atomic propositions,
boolean connectives and time-constrained “until”:

MTLS pu=ploAe|-p|eUre

where p ranges over the set AP of atomic propositions, and I ranges over Zg.
In the interval-based semantics, formulas of MTL are evaluated at a certain
date t € R, along a timed state sequence x:

wotEpp i pew(t),
Kyt o1 Ao iff Kt g @1 and kT g 0o,
Kyt = @ Uf it is not the case that x,t = ¢,
kot =iy o1 Urpe  iff 3t >t such that ¢/ —¢ € I and s,t’ |4 o,
and Vt <t <t', k,t" Eu 1.

Again, we use the shorthand k = ¢ for k,0 |= ¢ when ¢ € MTL.
The pointwise semantics of MTL is defined at a position i € N along a timed
word w as follows:

piEpwp iff peoy,
Pt ':pw o1 Npa  iff pyi ':pw 1 and p, i ):pw P2,
p.1 Epw 7@ iff it is not the case that p,i =pw ¢,
Pt Epw 1 Urpe  iff 3j > i such that 7, — 7, € I and p, j Fpw 2,
and Vi < k < j. p, k =pw 1.

We omit the constraint on modality U when (0, c0) is assumed. We write
U, for Uy when I = {t | t ~ c¢}. As previously, we use classical shorthands
such as F; or Gj.

Note that we could have defined MTL as a fragment of TPTL: 1 Uy 5 is
equivalentﬂ to z.(p1 U (x € I Agsa)). As a consequence, TPTL is at least as
expressive as MTL.

Example 2. In MTL, the formula ¢ of Example[d] can be expressed as F—; F_; b.
In the interval-based semantics, this formula is equivalent to F_o b, but this is
not the case in the pointwise semantics.

2.3. Metric Interval Temporal Logic (MITL)

MITL [AFH96] is a restricted version of MTL where the interval decorating
the “until” modality cannot be singular (i.e., reduced to a single point). Relaxing
punctuality has the great benefit of making model-checking and satisfiability
decidable: under the interval-based semantics, both problems can be achieved in
exponential space, while they are undecidable for MTL [AFH96].

2We leave it to the keen reader to formalize this statement.



2.4. Adding Past-Time Modalities

The logics defined above only allow formulas to deal with future time points.
It is classical to also define a symmetric version of the “until” modality, named
“since”, which deals with events that occurred in the past [Kam68| [LPZ85].
The semantics of that modality is defined symmetrically:

e For the interval-based semantics:

Kot v i 1S o iff 3t <t such that k,t',v = 0o
and V' <t < t, k,t", 0w @1

e For the pointwise semantics:

P00 FEpw 018 @2 iff 35 <isuch that p, j,v [Epw 02
and Vj < k <1 p,k,v F=pw @1

The corresponding MTL modality S; is defined in the obvious way. Then,
for instance, the TPTL formula z.(p S (¢ A © < —2)) expresses that ¢ held
2 time units ago or earlier, and that p has been holding since then. It would be
written pS(_ oo, 2] ¢, or equivalently pS<_»¢q, in MTL.

We note MTL+Past (resp. MITL+Past, TPTL+Past) the logic MTL (resp.
MITL, TPTL) extended with the “since” modality. Such extensions have been
defined and studied in [AH92al [AH93].

2.5. Relative Expressiveness

Let S be a set of models, and £ and £’ two logical languages interpreted
over models in §. We say that a formula ¢ € L is equivalent to ¢ € L' if
for every m € S, 7 satisfies ¢ iff 7 satisfies ¢’. The language L' is at least as
ezpressive as L over S iff all formulae in £ have an equivalent formula in £’. Tt
is strictly more expressive if, moreover, there exists a formula in £ which has
no equivalent in £. We say that £ and L' are equally expressive whenever each
language is at least as expressive as the other.

Let us mention some classical results about expressiveness of (untimed)
linear-time temporal logics:

e first of all, it can be proved that (the logic made of boolean combinators
and) the strict until is at least as expressive as (the logic with) the non-
strict one. The converse inclusion does not hold in general: along a timed
word, for instance, the strict until can distinguish between two consecutive
occurrences of the same letter, while the non-strict one cannot [Rey03,
FRO7].

e adding past-time modalities to LTL does not increase its expressive power:
any LTL+Past formula can be expressed in LTL [Kam68, [GPSS80], even
though there are cases where the resulting LTL formula is exponentially
larger [LMS02, Mar03]. Those results don’t carry on to timed tempo-
ral logics: [AH92a] shows that past-time modalities strictly increase the
expressive power of MITL under the interval-based semantics.



Proving expressiveness results is sometimes involved. In order to prove that a
given formula ¢ cannot be expressed in a logic £, the naive technique is to build
two models M and N that ¢ can distinguish (or separate) (i.e., ¢ evaluates to
true on one model and to false on the other one), and prove that no formula of £
can distinguish those two models. That technique turns out to be too restrictive
for proving that TPTL is strictly more expressive than MTL: consider any two
models that TPTL can separate (i.e., there is a TPTL formula that holds on
only one of those models, and fails to hold on the other one). The models are
therefore different: there exists an atomic proposition a and a date t such that
the MTL formula F—; a holds on one of the models and fails to hold on the other
onﬂ This naive approach only compares the distinguishing power of the logics,
which is coarser than the expressive power. The remark above indicates that
TPTL and MTL have the same distinguishing power. Conversely, it can easily
be seen that LTL has less distinguishing power than TPTL (i.e. there exists two
models that TPTL can separate but that LTL cannot).

A more involved technique, that we will use in the sequel, consists in building
two families of models (M;) and (N;) such that ¢ distinguishes between M;
and N; for all ¢, and such that no formula in £ with size less than ¢ distinguishes

between M; and N;. This technique has already been applied successfully e.g.
in [EH86] [Eme91l [Lar95, BCLO5].

Other techniques involve translations of temporal logics to other formalisms,
such as automata theory, language theory, algebraic structures or pebble games.
Many examples can be found in the literature [Kam68), [GPSS80l [AH92al [TW96|
Mar03].

3. TPTL is Strictly More Expressive Than MTL

3.1. Alur & Henzinger’s Formula is not a Good Witness...

It has been conjectured in [AH92Dbl [AH93| [Hen98| that TPTL is strictly more
expressive than MTL, and in particular that a TPTL formula such as

Ga=zFBAF (cAN z<2)))

cannot be expressed in MTL. The following proposition immediately entails that
this formula is not a good witness formula for proving that TPTL is strictly more
expressive than MTL.

Proposition 1. The TPTL formula .F (bAF (¢ A x < 2)) can be expressed in
MTL for the interval-based semantics.

PROOF. Let ® be the TPTL formula z.F (b AF (¢ A z < 2)). This formula
expresses that, along the timed state sequence, from the current point on, there

3Tt could be the case that t ¢ Qx0, and that the resulting formula is not in MTL. Still, since
our models have finite variability, ¢ could be replaced by some interval with rational bounds.



is a b followed by a ¢, and the delay before that occurrence of ¢ is less than
2 time units. For proving the proposition, we build an MTL formula ®" which
is equivalent to ® over timed state sequences. Formula ®’ is defined as the
disjunction ® = @} v &, v &4 where:

) = (F<10) A (Fpg0)
(13/2 :Fgl (b/\F§1 C)
3 =F<i[(F<10) A (F=i0)]

Let k be a timed state sequence. If k = @', it is clear enough that « | ®.
Suppose now that x |= ®; then there exists 0 < t; < to < 2 such that k,¢;,0 = b
and k,t9,0 = c. If t; < 1 then k satisfies ] or @, (or both) depending on ¢,
being smaller or greater than 1. If ¢; €]1,2] then there exists a date t' in (0, 1]
such that x,t' = (F<1b) A (F=; ¢) which implies that x |= ®;. We illustrate the

three possible cases on Figure [2} O
0 1 2 ,
} | —i E o)
P
0 1 2 ,
} —— | E o
P

T ‘ (= = 5
(Ffl b) A (F=1 C‘)

Figure 2: Translation of TPTL formula ® in MTL

From the proposition above we get that the TPTL formula G (a = ®) is
equivalent over timed state sequences to the MTL formula G (a = ).

8.2. The Detriment of Relazing Punctuality

The MTL formula proposed in the previous section involves a punctual
constraint F_; . It is natural to wonder if it is really needed since, at first sight,
the original property does not involve punctuality. Surprisingly:

Proposition 2. The formula ® = z.(F (bAF (c Az < 2))) cannot be expressed
in MITL for the interval-based semantics.

We need several extra definitions before tackling the proof. Given a formula ¢,
we define its granularity p by p = H% appears in b. Clearly enough, any constant

that appears in a formula ¢ is a multiple of %, where p is the granularity of .
We write MITL,, (resp. MTL,,) for the set of MITL- (resp. MTL-) formulae with
granularity p.

10



PROOF. We construct two families of (timed words seen as) timed state sequences
(An)nen, and (By)nen., such that:

(a) A, = © whereas B, j£ ® for every n € N,
(b) for any p € N, and any ¢ € MITL,, A, = ¢ < B, = ¢.

Proposition [2| immediately follows: if ® were to have an MITL equivalent ¥,
then ¥ would satisfy both @ and (]ED, which is contradictory.

8n an
A, ———----
a c b c b C b
9_ 1 2
n
B, ——----—— i ——t i

Figure 3: Models A,, and By

The two families of models are depicted in Figure [3] Note that, along A,
and B,,, there is an a at date 0 and no action between dates 0 and 2 — % After
date 2 — %, the word A,, is periodic with a period %: atomic proposition ¢
holds at dates 2 — sln + ﬁ with ¢ > 0 whereas b holds at dates 2 — 8% + ﬁ The
word B, is obtained from A,, by dropping the second and third events.

We first show that, for any p € N.,, any MITL,, formula is uniformly true or
false on certain intervals of A, and B,. For any integers p and ¢ with 1 <14 < 2p,
we write J; , for the interval (2 — 1% - é, 2— % + %) NR.,.

Lemma 3. For any integers p and i with 1 <i < 2p, any ¢ € MITL,, and any
z,y € Jip,
Bp,x =@ <= Bpy ke

PROOF. We prove this lemma by induction on i. We first prove the induction
step: assume the result holds up to i — 1. We show the result for ¢ by a second
induction on the structure of ¢. This induction is obvious if ¢ is an atomic
proposition, or if it is the conjunction or negation of smaller subformulae.

The last case is when ¢ = 1 U ¢a. In the sequel, ¢ stands for %. Since ¢ €
MITL,, then I is one of I = (kiq,k2q), I = [kiq,k2q), I = (kig,kaq] or I =
[k1q, kaq], with k; < ko. We show the induction hypothesis for all four cases
by proving the stronger fact that, if there exists = € J;, such that B,z =
©1 Ul q,kaq) P2, then for all y € J; , By, y = ©1 Uy g,kaq) 02

To prove this implication, we assume the existence of a position x of J; ;,, such
that o1 Uk, g,kyq) 2 holds in that position along B,,. We pick a position y € J; »,
and prove that B,,y = 01 Uk, g.k0q) P2-

By construction of x, B,z +t = @2 for some k1q < t < kaq, and for any
t' € (0,t), Bp,x+t' = ¢1. By induction hypothesis for 1, we know that for any
z € Jip, Bp,z = 1. This holds in particular between y and z if y < z.

11



We now have to distinguish between several cases depending on the values
of z, y and ¢:

e Case k1g < x +t —y < kog: this is the case where the witness for x is
also correct for y. Taking ' = x + ¢ — y, we know that 1 holds between y
and x, so that B,y = ¢©1 Uk, q,kq) P2

e Case r +t—y < kiq (in particular z < y):

— If iy = 0, then we have v+t < y < 2—iq+%q. So by i.h., we
have that ¢, and ¢, are satisfied everywhere in the interval J; ;, so
BP’ Y ): $1 U(qu,kzq) P2

— If k1 >4 w.lo.g., we assume that [z —y| < £. The general case can

be recovered by considering z = @ and applying the lemma twice.

We have that  +t > 2 —iqg — & + kig > 2 — {. As the suffixes

of B, starting at « + ¢ and x + ¢ + £ are the same, we have that

By,z +t+ 4 = @2. The point z 4t 4 4 will be the witness for

©1 Uk, q,k2q) P2 being true in y. We have to ensure

1. that ¢4 is satisfied between the old witness (z + ¢) and the new
one (x4t + 4): this holds because for any 0 < z < £, the suffixes
of B, starting at x 4+t 4 z and x 4+t 4 2z — £ are identical, and
By, x +t+ 2z — £ satisfies ;.

2. that ¢’ = z4+t—y+2 isin the interval (k1q, k2q): t' < kig+4 < kag
(because x 4t —y < kiq) and t' >t > kiq (because |z —y| < 4).

— If 0 < k; <4 (which entails that ¢ > 1), we prove the existence of a
witness in the interval J;_g, p.
We have that o +t > 2 —iqg— § + kg =2~ (i — k1)g — £, and
r+t=x+t—y+y< k1q+2—iq+5§q, so that o +t is in J;—g, p.
We apply the i.h. at level i — k1, and get that @1 and o are satisfied
everywhere in J;_j, ,. Taking ¢’ = kiq + %, it is easily
verified that k1g < ¢ < kag and y +t' € Ji_g, p-

e Case v+t —y > kog (in particular z > y):

— If ky > 4: we again assume that |z —y| < 4.

Since x+t = x+t—y+y > koq+2—ig—< > 2—< and By, v+t |= 2,
we get that By, 4+t — £ |= 2. There remains to show that the new
witness ' = x+t—y— 2 is in the correct interval: we have t’ <t < kaq
since |z —y| < 4, and t' > kyq — £ > k1q. Also, as shown earlier, ¢,
is satisfied between y and =x.

— If ky <4 (thus ¢ > 1), we build another witness in the interval J;_g, .
Again, 4+t = x+t—y+y > 2+kaq—iq—§ and x+t < 2—ig+5 +kaqg
so x +tisin Ji_p, . We apply the i.h. at level ¢ — ko, and get
that both ¢, and ¢, are satisfied everywhere in J;_, ,. Taking
t' = kog — M, we easily conclude that it is a witness for

P1 U(qu,kzq) (9 being true in y.
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The case ¢ = 1 follows from the proof above, since the induction hypothesis is
only needed in cases where i > 1. O

We now easily deduce the following result:

Lemma 4. For allp € Ny, for all o € MITL,, A,,0 = ¢ <= B,,0 = ¢.

PRroOOF. Let ¢ be in MITL,,. Then
Ay, 0 =@ <= B, g = ¢ since the suffixes A, 0 and B,, g are equal,

<~ Vz € [O,%}) B,z = ¢ by Lemma [3]
<~ B,, 0=y

As a side result, Propositions [I] and [2] entail the following theorem:

Theorem 5. MTL is strictly more expressive than MITL in the continuous
semantics.

This result was already known: MITL formulas can be translated into timed
automata [AFH96], and thus can only express time-regular properties, while
MTL can express non-timed-regular languages.

3.3. TPTL ws MTL in the Pointwise Semantics
We now show the following result:

Proposition 6. The TPTL formula ® = z.(F(bAF (c Az < 2))) has no
equivalent MTL formula for the pointwise semantics.

PROOF. We keep the notations of Section [3.2] and in particular we consider
again the families of models (now seen as timed words) (Ay)nen., and (By)nen.,
depicted on Figure[3] As previously, MTL, denotes the fragment of MTL with
formulae of granularity p. As in the previous section, we will prove that:

(a) A, = @ whereas B, = ® for every p € N,
(b) for allp e Ny, and all ¢ € MTL,, A, = ¢ <= B, E¢.
Equation @ is obvious. We prove Equation (]ED with the following two lemmas:

Lemma 7. For any p € No,, for any k, k' > 1 such that k = k' mod 2, and
for any formula ¢ € MTL,,

ApkEp < Bkl <= A, K Eo < B,k =

This result is straightforward, since the suffixes A,, k, By, k, A,, k', and By, &’
are the same.

13



Lemma 8. For allp € N., and all p € MTL,, A,,0 = ¢ <= B,,0 = .

We proceed by induction on the structure of formula ¢. The case of atomic
propositions is easy, as well as the induction steps for conjunction and negation.
Again, we write ¢ for +.

Assume ¢ = 1 U pa. Note that for all £ € N there is no action at time kq
in A, or B,. It follows that for all k1, ke € N,

'AP ): ¥1 U[qu,k2q] p2 AI) ': #1 U(qu,kziﬂ P2
= Ap F 01 Ulygkag) v2 = Ap F 01 Ugg kaq) 92

and the same holds for B,. W.l.o.g., we can assume that I = (k1q, k2q).
In what follows, we write 7; for the date associated to position ¢ in A, and
7; for the time associated to position j in B,.

e We first suppose that A,, 0 |= ¢, and show that B,,0 |= ¢. We know that
there exists ¢ > 0 with 7; € I, Ap, 7 |= @2, and such that for any 0 < k < 4,
Ay, k = 1. We distinguish between two subcases:

— Ifi > 3: we take j =i — 2; then 7} = 7, and 7} € I. By Lemma
we get that By, j = ¢2. Since A,, 1 and A, 2 satisfy 1, this lemma
also entails that for any k > 0, By, k = ¢1. Thus B, 0 = ¢1 Ur ¢

—If1 <i<2 thenr;, € {2— %,2 — %}, which entails kog > 2.
Taking j = i and applying Lemma [7} we obtain that B,,j = ¢2 and,
for all 0 < k < j, By, k = ¢1. Since j = i, we have 7/ = 7; + 4,
so that 7'7/- > 7, > kiq and TJ/» <2-—1% <2 < kog. Thus, B,,0 =

»1 U(k1q7g2q) @2, and a fortiori By, 0 = p1 Ug o

e Conversely, assume that B,,0 = ¢. Then there exists j > 0 such that T]( €
I, B,,j = @2, and for any 0 < k < j, By, k |= ¢1. Two subcases may arise:

— If j > 3: we then take i = j + 2. In that case, 7; = 7/, and 7; € I.
From Lemma 7] we deduce that A,,i = 2. Again, since B,,1 and
By, 2 satisfy 1, Lemma entails that for any k > 0, A,k = ¢1.
Thus A,,0 = ¢1 Ur o

— If1<j <2 then} € {2— %,2 — £}, which entails that k1qg <2—gq.
We take i = j: Lemma |2| ensures that A,,i = 2 and that, for
any 0 < k <i, Ay, k = 1. We also have 7; = 7] — 4, so that 7; <
7; <kgpand T; > 2 — M >2—g>kiq S0 A0 01 Ugyghg @2

O

and A,,0 = @1 Uy po.
As a direct corollary of Proposition [6 we have:

Theorem 9. TPTL is strictly more expressive than MTL for the pointwise
semantics.

Since the MITL+Past formula F<o (¢ A T Sb) also distinguishes between the
families (Ap)pen., and (Bp)pen.,, we get the following corollary:

14



Corollary 10. Under the pointwise semantics, MTL+4Past and MITL+Past are
strictly more expressive than MTL and MITL, resp.

The result for MITL was already proved differently in [AH92b]. To our
knowledge, the result concerning MTL was not known before (though it was
expected since, on finite timed words, MTL is decidable while MTL+Past is not).
Note that Corollary [L0] constitutes a main difference between the timed and the
untimed framework, where it is well-known that adding past-time modalities does
not increase the expressive power of LTL over discrete time [Kam68| [GPSS80].

8.4. TPTL vs MTL in the Interval-Based Semantics

According to Proposition[I} the formula which has been used for the pointwise
semantics can not be used for the interval-based semantics. We will instead
prove the following proposition:

Proposition 11. The TPTL formula ® = 2. F(aAx < 1AG (z <1 = -b))
has no equivalent in MTL for the interval-based semantics.

PROOF. Let p € N, and ¢ = 11;. Assume that ® is equivalent to an MTL

formula . Even if it means increasing the temporal height (i.e., the maximal
number of nested modalities), we may assume that ¥ only involves constraints
of the form ~ ¢, with ~ € {<,=,>}. We write MTL,, , for the fragment of MTL
using only ~ ¢ constraints and with temporal height at most n, and assume that
v e MTL,,,, for some ng.

The proof consists in building two families of timed state sequences (A ,,)n>3
and (Bp,n)n>3 such that, for any n > 3,

(a) @ holds initially in A, ,, but not in B, ,,.

(b) Apn and B, , cannot be distinguished by any formula in MTL,, 5.

We first define A, ,,. Along that timed state sequence, atomic proposition a
holds exactly at time points ;L 4 a5, where o may be any nonnegative integer.
Atomic proposition b will hold exactly at times (o +1) - £ — g—i, with o € N.

As for By ,,, it has exactly the same a’s, while b holds exactly at time points
(a+1) -4 — &, witha e N.

The portions between 0 and £ of both timed state sequences is represented
on Figure Both timed state sequences are in fact periodic, with period .
Note that the situation around time point 1 is similar to the situation around .
Hence ¢ holds in A, ,, and fails to hold in By, ,,.

The following lemma is straightforward since, for each equivalence, the suffixes

of the paths are the same.

Lemma 12. For any positive p and n, for any nonnegative real x, and for any
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g L
2n 12n
Apn H+—+——%+—%+— % - -——H——F—+—F—
0 a a a a a a ab a g a
2
B —+——+——+ %+ - --——F———
a a a a a a a (I]) a
Figure 4: Two timed paths Ay n and By n
MTL-formula ¢, letting q = %, we have the following properties:
q
Apn, T E @ — Bp,m$+% E e (2)
q
Apnsx =@ = Apm,aH—i Eo (3)
q
Bpn, T = = Bpm,x—ki Eop (4)
We can now prove the following lemma:
Lemma 13. Let p € N.,, and ¢ = %. For any k < n, for any ¢ € MTL;k, for
any x € (0,4 — élz:iég), for any o € N, we have
q q
Ap,n+3aa§+$ F e — Bp,n+3>a§+x k%

PrOOF. The proof is by induction on both k and the structure of the formula .

In order to (try to) improve readability, we write A and B for A, .43 and By 43,

resp., and we let § = 2(%13).

e The case where k = 0 is easy, since ¢ may only be an atomic proposition,
and all positions in the interval we consider are labeled with the same
propositions.

e Assume the result holds for some k < n. We prove it for k + 1.

— the case of atomic propositions and boolean combinations is still
straightforward.

— Assume ¢ = @1 U—, @o: pick some value z € [0, % — ((k+ 1) + 2))
and o € N, and assume A, af + 2 = ¢1 U—; p2. Then ¢, holds at
position (a + 2)4 + x, and ¢; holds at all intermediate positions.
Applying the induction hypothesis, we get that B, (a +2)2 + = = 2.
We also obtain that ¢; holds along B at positions between af +
and ad +x + 4. It also holds at positions between af + x 4§ and
(a4 2)% + & thanks to equation (2). This entails that B, o + z = .
Conversely, assume that B, ad 4+ = 1 U=, 2. With the induction
hypothesis, we get that A, (a +2)4 + 2 |= 2. From equation ([2)), we

16



know that ¢; holds between a2 + 2 and (a +2)4 + x — ¢ along B.
Last, equation (3]) ensures that it also holds between (a+2)d +2 — 4
and (o + 2)2 + x, which completes the proof.

Assume ¢ = 1 U, ¢y: pick some value z € [0, 2 — ((k+ 1) + 2)6)
and a € N, and assume A, o +z = o1 Ucg po.

* If the witness for ¢, lies between o + 2 and (a +1)2 + z, then
by applying equation , we get that B, ad +z+06 = o1 U po.
The induction hypothesis ensures that ¢; holds on timed state
sequence B between a2 +x and a2 4+ + 0, and we deduce that
B,at +x = o1 Usypo.

* Now, if the witness lies between (a +1)2 +2 and (o +2)2 + =,
with equation , there is also a possible witness between ad +
and (o + 1)2 4 z, and we apply the previous proof.

Conversely, assume B,ad + x = @1 Ucg 2. We still consider two
cases:

* If the witness for o lies between af + z and af + 2 + 4, we
can apply the induction hypothesis to ¢1 and @2, and we get the
result.

* Otherwise, it suffices to apply equation .

Last, assume that ¢ = @1 Us 4 ¢o: Pick some value x in the interval
(0,2 — ((k+1)+2)§) and a € N, and assume A, aZ+z = 1 Usq 0o
By applying equation , and the induction hypothesis for ¢, we
get that B, ad + x = o1 Us g @a.

Conversely, if B, (a +2)2 4+ 2 |= ¢1 Usy @2, if the witnessing position
for o lies after ad +x+4, it suffices to apply equation . Otherwise,
equation ensures that we can find another witness for p, satisfying
this condition. This completes the proof. O

As a corollary of this lemma, when & = n and o = z = 0, we get that
any formula in MTL, ,, cannot distinguish between models A ,+5 and By, ;.43
In particular, formula ¥ should satisfy both (ED and for n = ng, which is
contradictory. This concludes the proof of Proposition

The following theorem immediately follows:

Theorem 14. TPTL is strictly more expressive than MTL for the interval-based

Note that the formula 2.F (aAz < IAG (x < 1 = —b)) does not use modality U,
so the fragment of TPTL using only modalities F and G is also strictly more
expressive than the corresponding fragment of MTL. This is not the case for the
fragment of TPTL using only the F modality (see Section |4)).
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Now, clearly enough, the MTL+Past formula F—; (=bS a) distinguishes be-
tween the two families of modelsﬂ (Ap.n)peNeoneNy and (Bpn)peNwo,neNso-
So does the more involved MITL+Past formula

F> (ﬁob/\F;_1 (G_1 —a) A—bSa). (5)

Indeed, the subformula F3! | (G~ =a) requires that there is a point not too far
away in the past (at most 1 time unit ago) such that a has never been true in
the past. That point is necessarily between dates 0 and 4L, and F;il (G =a)
is true precisely between dates 0 and 1+ 4L. Thus, formula states that there
is a point between dates 1 and 1+ ;L at which —=bS @ holds. This formula is
satisfied in A, ,,, for any n and p, and it is not satisfied in any B, . We then
get the following corollary:

Corollary 15. MTL+Past (resp. MITL+Past) is strictly more expressive than
MTL (resp. MITL) for the interval-based semantics.

To our knowledge, these are the first expressiveness results for timed linear-
time temporal logics using past-time modalities under the interval-based seman-
tics.

4. On the Existential Fragments of MTL and TPTL

TPTLF is the fragment of TPTL which only uses modality F (and not the
general modality U) and restricts negation to atomic propositions. Formally,
TPTLg is defined by the following grammar:

TPTLr 2 pu=p|-plerVes | i Ape |Fol|lz~c]|ze.

An example of a TPTLg formula is z.F (b A F (¢ Ax < 2)) (see Subsection [3.1]).
Similarly we define the fragment MTLg of MTL where only F-modalities are
allowed:

MTLr S pu=p|-p|p1 Ve o1 A2 | Fro.

From Subsection we know that, under the pointwise semantics, TPTLg
is strictly more expressive than MTLg, since formula z.F (b AF (¢ A z < 2)) has
no equivalent in MTL (thus in MTLg). On the other hand, when considering
the interval-based semantics, we proved that the formula above can be expressed
in MTLg (see Subsection [3.I)). In this section, we generalize the construction
of Subsection and prove that TPTLgy and MTLg have the same expressive
power in the interval-based semantics.

Theorem 16. TPTLg and MTLg are equally expressive for the interval-based
semantics.

4Note that this formula is not equivalent to the formula used in Proposition but that it
is sufficient for our purpose that it distinguishes between the two families of models.
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PROOF. We assume w.l.o.g. that all constants appearing in formulae of TPTLg
are integers. For every TPTLg formula, we build an equivalent MTLg formula for
the interval-based semantics. The construction proceeds in six steps. Example [4]
displayed on page 20} illustrates the whole transformation.

1. Normal form of TPTLg formulae.. Even if it means adding extra clocks, we
assume that all occurrences of the F-modality are directly embedded into some
reset operator “x.”, and that any clock = appearing in the formula is reset only
once. Thus, we only consider formulae of the logic defined by

pu=plwleAp|leVelz~c|oFo (6)
and such that each clock appears at most once in a reset quantifier “z.F”.

We now recursively build a normal form for TPTLg formulae, which is some
kind of disjunctive normal form. We call atom an atomic proposition or its
negation.

Definition 17. A TPTLg formula is simple if it is generated by the grammar

Yi=alx~c|leFy YAy
where a is an atom and x ~ ¢ is a clock constraint.

The following lemma is straightforward, using the property that «.F (1 V 2)
is equivalent to (z.F 1) V (x.F ¢2).

Lemma 18. FEvery TPTLg formula is equivalent to some positive Boolean com-
bination of simple TPTLg formulae.

The initial problem thus reduces to constructing equivalent MTLg formulae for
simple TPTLg formulae.

2. From simple TPTLg formulae to systems of difference inequations.. In this
part, we recursively transform a TPTLg formula into a system of inequations,
where we will associate with every eventuality ¢ = x.F 1) a date y at which ¢ will
hold, and a date y, at which ¢ will hold. This yields conditions between variables
and the other dates and clocks which already appear in the transformation.

We first define what we call systems of difference inequations, which will be
associated to TPTLg formulae.

Definition 19. Let X be a finite set of clocks, and 'Y be a finite set of variables,
disjoint from X. A system S over X andY is a pair (V,J) where V:Y — MTLg
associates with every variable y € Y an MTLg formula V (y), and J is a Boolean
combination of (difference) inequations of the form x — x’ ~ ¢ or © ~ ¢ where
x,x’ are elements of X UY, ~ € {<,<,=,>,>}, and ¢ € Z is an integer.
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Intuitively, such a system S represents a property over timed state sequences
where MTLg formulae given by V have to be satisfied at dates satisfying the
constraints given by J.

Let § = (V,J) be a system over X and Y, k be a timed state sequence,
v: Y — R, be a function assigning a time-point to every variable y € Y, and
v': X = R, a valuation for clocks in X. We say that k,v,v’ - S when, writing
v U for the function naturally extending v and v’, the following properties are
satisfied:

vUY EJ and VyeY, kvl Ew V(y).

The satisfaction relation for systems is then defined b

kKt ES it Fur Y = Ry st ky0,0" B S,
VyeY, v(y) >tand Jyo €Y, v(yo) = t.

Let ¢ be a simple TPTLg formulas with set of formula clocks X,. We explain
how to inductively build a system S, = (V,,,J,) over X, and some set of
variables Y, such that:

k0,0 Ewp e i k0,0 ES,. (7)

o If © is an atom, the set of variables Y, contains a single variable y,,, the
system has no constraint, and V,(y,) = .

e If  is a clock constraint x ~ ¢, the set Y, contains a single variable y,,, the
system J, is (y, — x ~ ¢), and V,,(y,) = T. Intuitively, y, will represent
the date at which x ~ ¢ needs to hold, whereas x will represent the date
at which clock z is reset.

e We assume that ¢ is of the form z.F . We assume we have already
computed a system Sy = (Vi, Jy) over X, and Y, which corresponds
to ¢ in the sense of equivalence . The construction of the system
S, = (V,,, J,) is then done as follows. The set of variables Y, is Yy, U{y,}
where y, is a fresh variable representing the date at which formula ¢
will hold. For every variable y € Y, V,(y) = Vy(y) if y € Yy, and
Vie(ye) = T. The system J,, is defined as A ¢y, (Yo <) A Tyl < yyl,
where Jy[z < y,] is the system J,, in which variable  has been replaced
by y, (roughly, the current date, represented by variable y,, corresponds
to the date at which clock z is reset).

e We assume that ¢ is of the form /\Z:1 Yk, where ¢ is a simple TPTLg
formula. We assume we have already computed, for each 1 < k < h,
a system S, = (Vo , Jop, ) over X, and Y, which corresponds to ¢y in

5As the system is evaluated at time ¢, at least one of the variables of the valuation will be
mapped to ¢t.
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the sense of equivalence (7). The construction of the system S, = (V,,, J,)

is then achieved as follows. The set of variables Y,, is I, (Yo, \ {¥y }) U
{y,}, where y,, is a fresh variable representing the date at which the
subformula ¢ will hold. The system S, = (V,,,J,) is then defined as

follows: Vi, (y,) = Algkgh Vo (Yer,)s and Vi (y) = Vo, (v) if y € Yo, \{yg,. }-
The system 7, is defined as

h
(/\ j‘Pk[yikayﬂp]>/\ /\ ytpgy

k=1 yeY,

Remark 1. e Note that, by construction, for every formula ¢, there is a
variable y, € Y, such that J, implies y, <y for everyy € Y.

e Note that writing S, = (V,,, J,), if @ is closed (i.e., if every clock x € X, is
under the scope of the resetting operator ‘x.’), then there are no constraints
on variables of X, in the inequation system J,.

Example 3. For the formula z1.F (a A z2.F (b A x1 < 2)), the system obtained
from the above inductive transformation is:

Vi y1 — a
S= Y2 b
T ==y <2)AN(y1 <y2) Ao < y1) A (Yo < y2)

It is just a technical matter to prove the following lemma, establishing the
correctness of the construction:

Lemma 20. k,t,v' =i ¢ <= k,t,0 = S,.

PrOOF. The proof is by induction on the structure of ¢. The case of atoms and
clock constraints is obvious. We next assume that ¢ is of the form x.F 1.

Kyt v = 2. F
= It >tst. okt W[zt Ep

< It >tst okt W[z —t]ESy  (by induction hypothesis)

k0,0 [z = t] - Sy
< 3t' >t Fu: Yy o> Rogsit. ¢ VyeYy vy >t
v(yy) =t
(by definition, and because y,; is the smallest variable in Jy)

vy, UV [z =t E Ty

Yy € Yy. k,0(y) Eiv Vip(y)
Yy €Yy v(y) >t/

o(yy) =t

U(yap) =t

KJ,U(ZJ@) =ib Vo(y,) =T

< Jt' >t Ju: Y, = Ry, st
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& Jv: Y, = Ry, s.t.

(by definition of S,)
— KtV ES because J, does not constrain variable x
® ®

We finally assume that ¢ is of the form /\2:1 Ok

h

Kt v i /\ o <= V1<k<h ok tv Eper
k=1
= VI<k<h gtV ES,
(by induction hypothesis)
V1<k<h Ju:Y, — R st
Yy eY,,. v(y) >t,
<~ vk(y<Pk) = ta
v U = Ty
Vy € Y@m ’ivvk(y) ):ib Vsak (y>
U(yga) =1,
= Ju: Y, = [t,+00) s.t. $ vV = T,
Vy S Ytpa R, U(y) ): Vsﬁ(y)
— K, 0,0 ES,
This concludes the proof of Lemma O

3. Some properties of systems of difference inequations.. Let S be a system
over Y and ¥ be an MTLg formula. We say that S and ¥ are equivalent if, for
every timed state sequence k,

k0,0 =8 iff k,0 9.

Our goal is thus to build an MTLg formula v equivalent to Sy, where ¢ is a
simple TPTLg formula.

We say that two systems § = (V,J) and &' = (V',J’) are equivalent
whenever V' = V', and J and J’ have the same solutions. Note that two
equivalent systems represent TPTLg formulae that are equivalent over timed
state sequences.

The following lemma holds rather straightforwardly.

Lemma 21. Let §; = (V, 1) and S; = (V, J2) be two systems over X and Y .
Let S = (V, J) be a system over X and Y such that the set of solutions of J is
the union of the sets of solutions of J1 and Jo. Then

k0 =S = Kk, t,v' E S ork,t,v E Ss.
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PROOF. Assume that «,t,v' | S. There exists v: Y — R, such that &, v,v’ -
S, for all y € Y, v(y) > t, and there exists yo € Y such that v(yg) = ¢t. By
definition of the I satisfaction relation, we have that v L v' = 7, and for every
yeY, rv(y),v Eip V(y). As the set of solutions of J is the union of the sets
of solutions of J; and Jo, there exists ¢ € {1,2} such that v U v’ = J;. Thus we
get that k,t,v E S;.

Conversely, assume that x,¢,v" = S; for some i € {1,2}. There exists
v:Y — R, such that k,v,0" - &;, for all y € Y, v(y) > ¢, and there exists
Yo € Y such that v(yg) = t. By definition of the - satisfaction relation, we
have that v Uv' |= J;, and for every y € Y, k,v(y),v" =i V(y). As the set of
solutions of J is the union of the sets of solutions of [7; and J», we get that
vUv |E J, and thus that ,t,0v' E S. O

Thanks to this lemma, we have the following property: if ¢; is an MTLg
formula equivalent to a system S; (for i € {1,2}), then 1 V @2 is an MTLyg
formula equivalent to S.

4. Reduction to bounded systems of difference inequations.. We fix a system
S=(V,J),assuming J = {x;—x; <;; m;; | i,j =0...n} is a set of constraints
in normal form (i.e., all constraints are tightened) with g = 0. We assume
in addition (even if it means duplicating the system, adding constraints of the
form x; < z;, renaming variables, and applying Lemma that constraints
in J imply that x;_1 < x; for every 0 < ¢ < n, and we let M be the maximal
constant appearing in J. For every b: {1,...,n} — {<, >}, we define a new set
of constraints J® where constraints {z; —x;_1 b(i) M | 1 <i < n} are added
to J. We claim the following two lemmas:

Lemma 22. (a;)o<i<n is a solution of J iff it is a solution of J° for some
b: {1,...,n} = {<,>}.

Lemma 23. We pick some b: {1,...,n} — {<,>} such that J is consistent
(i.e., J® has a solution), and write =, for the following equivalence on indices:

i=pj iff foralli<k<j, b(k)

<.
Then J® is equivalent to
{LL’i —Zj <45 M4 j | P =p j} U {I'Z — Xi_1 b(l) M | 1< < n}

This is a straightforward consequence of the fact that M is the maximal
constant appearing in J, and of the fact that x;_; < z; for every 0 < i < n.
Lemma [23| can be depicted as follows:

o X1 o .., — —_—
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On this picture, each point on the line represents a variable, and a part denoted
“bounded” gathers variables whose differences are bounded by the system of
inequations J°. Two “bounded” parts are separated by more than M time
units.

From Lemmas |22{and if 4° is an MTLy formula equivalent to S°, then the
disjunction of all 1)®’s, when b ranges over the whole set of functions {1,...,n} —
{<, >}, is equivalent to S. It remains to explain how we construct a formula
equivalent to a system SP.

We fix a b: {1,...,n} = {<,>}, and denote by (I;)o<i<p the equivalence
classes for =, (in increasing order). For each 0 < i < p, we denote by n;
the largest index in I;. We assume we have a procedure for computing MTLg
formulae equivalent to systems & = (V,J) where J implies that all variables
are bounded. We will describe such a procedure at step [6] below. The resulting
MTLg formula is denoted by ¥(S). By a decreasing induction on i, we define
systems (S;)o<i<p as follows: S; = (V;, J;) is a system over {z; | j € I;} and

Vilim,) = VP(on) A Fong U(Sis1) if i £ p
Ji = j"} is the restriction of JP to variables {x; | j € I}

{ Vi(z;) = VP(z;) ifi=pandjel;, orifjel;\{n;}

From Lemmas [20| and formula v¥° is equivalent to formula ¥(Sy) defined
above. That way, we have reduced our initial problem to that of finding MTLg
formulae equivalent to systems & = (V, J) where constraints in 7 imply that all
variables are bounded.

5. Decomposition of bounded systems of difference inequations.. We fix § =
(V,J). We assume that the variables involved in J are {z; | 0 < i < n},
and that they are bounded by M. Following region decompositions of timed
automata [AD94], we split J into systems where constraints are regions. Roughly,
a region specifies in which elementary intervals (interval of the form (¢;c+ 1)
or singleton {c} for ¢ < M) lie the differences x; — x;. It is then sufficient to
find MTLg formulae for systems Sg = (Vg, Jr) where Jg represents a bounded
region: indeed, if ¥R is an MTLg formula equivalent to the system Sg = (V, Jgr)
where Jr contains all the constraints of J and all constraints defining the region
R (which equivalently means that Jr corresponds to R because R is either
included in J or disjoint from J), then the formula \/ rcg YR is equivalent to S

(applying Lemma .

A region R can be equivalently characterized by an integral value for every
variable z; (0 < i < n) and by variables (X;)o<i<p (that form a partition of
{z; ] 0 <i<mn})such tha@

8In the sequel, () represents the fractional part of z, and |z represents the lower bound
of the interval in which variable z lies in R (if = is in {c} or (¢;c+ 1), then |z] is c).
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o z € X, if, and only if, () = 0 (where (x) denotes the fractional part of
clock ),

o z,yc X if, and only if, <;C> = <y>7
e v € X, and y € X; with ¢ < j implies (z) < (y),

Let 8" = (V',J’) be the system over {X; | 1 < i < p} (X;’s are viewed as
variables here) such that for every 1 <i <p, V'(X;) = A cx, F=|2) V(z), and
J' is the system 0 < X; < ... < X, < 1. If ¢’ is an MTLy formula equivalent
to &', then the formula (/\zexo F_, V(z)) A is equivalent to the whole
system S.

6. MTLg formulae for simple systems.. It remains to find MTLg formulae
W1, p],r equivalent to systems Sy, = (V, Jp.,) over {X; | 1 <i < p}, where r is
any rational and Jp . is the set of constraints 0 < X; < --- < X, < r. Note that,
even if this is an abuse of notation, we assume we have a unique function V' which
is used for all systems S, . We inductively build formulae Wy, j4,-, Which
handle the case of variables X} to Xp on the interval (0,7). When k£ < 0,
the formula is true. When k = 0, we have ¥y, = F, V(X}). For k+ 1
variables X, to Xp 1k, Y. ptk),r is the disjunction of the following four formulae
®, to @4, distinguishing between the possible positions of the variables:

e if there is no variable in the interval (0, ﬁ} and all variables (Xp44)o<i<k
are in the interval (kLJrl’ r):

(I)]_:@]_\/F< 7‘

k+1

(©1).

where

=Fewh [\_k/ (( =TT V(Xh+k)>/\‘1’[h htk—1], r—,;;l)l

The formula ®; distinguishes between the possible positions for the last

. Lo . . . _ ir _ ir
variable Xj,: it is in one of the punctual intervals {r i ey +1} or

in one of the open intervals ( T (Zrll)r) for some 1 <i¢ < h+ k.

Note that ®; does not exactly express the above property: it may contain
some more cases, but it always implies that 0 < X; < --- < X, <r. The
same remark also applies for the other three formulae.

e if there are 1 < [ < k variables in the interval (0, ﬁ) and £k —[+1

variables in the interval (k%rl, 7"):

k
by = \/ (\I/[h,i,h+z—1],k;1 =i (\I'[h+z.,.h+k],r—k$l>> .
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e if there are 0 < [ < k variables in the interval (O, k_’;_l), one variable at

date 1, and k — [ variables in the interval (kLﬂ, r):

k
O3 = \/ (\IJ[h...thlfl],kil NF— (V(Xh+l) A \I][h+l+1...h+k],rfﬁ)) :

e finally, if all variables are in the interval (0, kLH)

Oy =Fo - <V(Xh) ANFo - <V(Xh+1) A(--- )))

It can easily be proved, by induction, that the resulting formula is equivalent
to Spr O

Example 4. We illustrate all the steps of the above construction on the formula:
¢ = z.F (a/\xz INFOAz<3)AyF(-ahz<3Ay> 1))
Step 1. The normal form of ¢ is

z.F (a/\xz1/\2.F(b/\x§3)/\y.F(—|a/\x§3/\y>1))

Step 2. Then, the system associated with this simple formula is

20 =10 Z9 > %2
0 2 ! zo— T
z1— 292> 1 z3 > 21 2 a
J = zo — 29 <3 Z1 > 20 V. !
Zg*—)b
z3—20 <3 29 > 2o
Z3 = Ta
z3—21 > 1 23 > 20

Schematically, these constraints can be understood as follows:

z.F (a/\xz1/\z.F(b/\x§3)/\y.F(—|a/\:c§3/\y>1))

] T T

20 21 22 z3

where:

e 2y represents the initial time, i.e. the date at which formula ¢ has
to hold (typically zo = 0);

® 21, 2o and z3 are three witness dates for the three eventualities (i.e.,
the three parenthesised subformulas).
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Step 4.

Step 5.

The above system of inequations does mot constrain the order of zo
and z3; there are solutions of the system in which zo < z3, and other
solutions in which z3 < zo. We thus split the system of inequations
into two systems, that will be dealt separately; the formula for the global
system will be the disjunction of the two formulas obtained from each new
system. One of two systems will correspond to the previous constraints
plus zo < z3—we write S, <, for the resulting system—, and the other
system will correspond to the previous constraints plus z3 < zo—we write
S..<z, for the resulting system. Below we will first focus on the system
S.u<z,, and then explain how we can deal with the difficult part of the
system Sy, <z -

The system J.,<,, illustrated on the next picture, is bounded (two
consecutive clocks are never separated by more than 3 time units, the
maximal constant); there is no need to further split the system.

e R

| | |
T T T

22

&
IN
&
IN
&
IN

This system of inequations we are focusing on can be decomposed into
regions. For example, it contains the region defined by the constraints:

z0=20 1<z <2
2<29<3 2<z3<3
29— 21 =1 O0<zz3—2z1<1
0<zo—23<1

We want to have only constants 0 and 1, we thus shift the above system
and get the following one:

25=0 0<z <1 zo— T
s 0<zh<1 0<zp <1 v 21— Fo1a
N zh—21=0  0<z—z2<1 ") zZ, > Foob
0<zy—zp<1 2z — Foo—a

Setting Xo = {24}, X1 = {21, 25} and Xo = {24}, we get the new system
Xo— T

j//:{0:X0<X1<X2<1} \ X1»—>(F:1a)/\(F:2b)
Xg — F:Q_‘CL
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Step 6.

Step 4bis.

Step 5bis.

We now build the formula corresponding to the region we have selected
m stﬁzz: D =P VPV D3V Dy with

b, =0,V Foos Cht with ©1 = Foos (F:1 aNF_o b) ANF_o5 —|a)

Py =F_¢5 (F:1 aANF_o b) A F(2A573) -a

(I)3 = F=0_5 (le a N F=2 b A F(2,2.5) _\CL)\/

(F:0,5 (F:1 aNF_o b) ANF_o5 ﬁa)

Qs =Fo5(F=1a ANF_2bAF (355 —a).
Note that this formula is only one part of the MTLg formula equivalent
to our original formula w. There are other formulas which come from the
decompositions we have made in the 4-th and 5-th steps. To illustrate all

aspects of the construction, we now consider one subcase of the system
Szz <z3-*

At the end of Step 4, we had selected the system S, <., because it was
bounded, meaning that two consecutive variables were not separated by
more than 3 time units. We now consider the system S,<,,, which is
illustrated below.

N

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

In this system, nothing prevents zs — zo from being larger than 3. We thus
split the system into two systems: the first one with the constraint
23— 29 < 3, and the second one with the constraint zs — zo > 3. The first
case is bounded, its treatment being similar to what we have previously
done. We thus only focus on the second system, which reduces to:

=< ~ = V. zZ1—a
J 20—21>0 29—2<3 !

~_{ §0:O7 515021} _ ZO'—>trUe
2 |—>b/\F>3—|a

because the only constraint on z3 is z3 — zo > 3, hence replacing zo by
variable Z, we write that b must hold at Za, and later, strictly after 3
time units, —a has to hold (former position z3).

As previously, we select one region included in the previous zone, for
mstance:

J = 0<52—g1<1 2<22—z()<3 V: ma

~ ~ = Zo —
= { 20 =0, 1<2’1—Zo<2} =~ 20 rue
2 »—)b/\F>3—\a
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We then shift the constraints to only obtain constants 0 and 1, and we
get the system:

Z) v+ true

T={0=2<%<Z <1} V:{ Z —F_ia
gé — F_o (b/\F>3 —|a)

Step 6bis. We get the following formula for the selected subsystem of Sy«

Flo,0.5) (F<25(bAFs3-a) AFo15a)
V. Feos(bAFs3—a)AF_o15a
Foos5(F=2(bAFs3-a) ANFci5a)
V. Feos(F=2(bAFs3-a) AFi5a).

<

Our construction from TPTLg to MTLp is exponential. We first compute the
normal form of the TPTLg formula ¢ by choosing for every disjunction one of the
disjuncts: the normal form is then the disjunction of all the formulae obtained
by such choices. This gives an exponential number of formulae whose disjunction
corresponds to ¢, the size of each formula being linear in the size of . The
reduction to bounded systems produces for each formula an exponential number
of systems (whose size is polynomial in the size of ). Then for each system
we compute the corresponding MTL formula which has an exponential size in
the size of the system. The MTL formula for ¢ is finally a combination of this
exponential number of exponential formulae, its size is thus simply exponential.

Our construction above also yields a procedure for the satisfiability of a
TPTLy formula. Tt is known [AFH96] that the satisfiability problem for TPTL
and MTL is undecidable for the interval-based semantics, whereas it has been
proved recently that the satisfiability problem for MTL over finite paths is
decidable but non primitive recursive for the pointwise semantics [OW05]. With
the construction above, we get:

Corollary 24. The satisfiability problem for TPTLg (and MTLg ) is NP-com-
plete for the interval-based semantics.

PROOF. If v is a TPTLg formula, first guess for each disjunction of 1 one of the
disjuncts, and build the system S = (V, J) for the new formula which is directly
in normal form (this is achieved in polynomial time); then guess an order on
the variables which is consistent with the constraints in J; finally solve a simple
linear programming problem. For each guess, the problem can be solved in
polynomial time and all guesses are independent, we thus get that the problem is
in NP. Hardness in NP directly follows from that of 3SAT (an instance of 3SAT
can be viewed as a special instance of MTLg or TPTLp satisfiability). d
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5. Conclusion

We have proved the conjecture (first proposed in [AH90]) that the logic TPTL
is strictly more expressive than MTL. In the meantime, many interesting and
surprising expressiveness properties have appeared as side results: expressiveness
of past-time operators, expressiveness of MITL, ...

We also derived a surprisingly efficient algorithm for the satisfiability of
TPTLg under the interval-based semantics: it is not harder than boolean satisfi-
ability, while satisfiability of MTL or TPTL is undecidable.

Linear models we have used for proving our expressiveness results can be
viewed as special cases of branching-time models. Our main result thus applies to
the branching-time logic TCTL (by replacing the modality U with the modality
AU, and translates as: TCTL with explicit clocks [HNSY94] is strictly more
expressive than TCTL with subscripts [ACD93], as conjectured in [Alu91 [Yov93].

Studying the expressiveness of various timed temporal logics is still a very ac-
tive topic [HRO6l [DP06, [DMMP06, [HRO7, [FR07, [DP0O7, [DHV07]. In particular,
our work has opened the way for several works on the expressiveness of timed
temporal logics, e.g. [DP0O7, [DHVQ7], which discuss the relative expressiveness
of MTL+Past (resp. TPTL+Past) in the pointwise and continuous semantics,
or [DP06, DMMPO06], which discuss the expressiveness of different fragments
of MTL+Past.

References

[ACD90] Rajeev Alur, Costas Courcoubetis, and David Dill. Model-checking
for real-time systems. In Proc. 5th Annual Symposium on Logic
in Computer Science (LICS’90), pages 414-425. IEEE Computer
Society Press, 1990.

[ACD93] Rajeev Alur, Costas Courcoubetis, and David Dill. Model-checking
in dense real-time. Information and Computation, 104(1):2-34, 1993.

[AD94] Rajeev Alur and David Dill. A theory of timed automata. Theoretical
Computer Science, 126(2):183-235, 1994.

[AFH96] Rajeev Alur, Tomds Feder, and Thomas A. Henzinger. The benefits
of relaxing punctuality. Journal of the ACM, 43(1):116-146, 1996.

[AH90] Rajeev Alur and Thomas A. Henzinger. Real-time logics: Complex-
ity and expressiveness. In Proc. 5th Annual Symposium on Logic
in Computer Science (LICS’90), pages 390-401. IEEE Computer
Society Press, 1990. Preliminary version of [AH93].

[AH92a] Rajeev Alur and Thomas A. Henzinger. Back to the future: towards a
theory of timed regular languages. In Proc. 33rd Annual Symposium
on Foundations of Computer Science (FOCS’92), pages 177-186.
IEEE Computer Society Press, 1992.

30



[AHO2b]

[AH3]

[AH94]

[Alu91]

[BCLO5]

[BL95]

[DHV07]

[DMMPO6]

[DPO6]

[DP07]

[EHS0]

Rajeev Alur and Thomas A. Henzinger. Logics and models of real-
time: a survey. In Real-Time: Theory in Practice, Proc. REX
Workshop 1991, volume 600 of Lecture Notes in Computer Science,
pages 74-106. Springer, 1992.

Rajeev Alur and Thomas A. Henzinger. Real-time logics: Complexity
and expressiveness. Information and Computation, 104(1):35-77,
1993.

Rajeev Alur and Thomas A. Henzinger. A really temporal logic.
Journal of the ACM, 41(1):181-204, 1994.

Rajeev Alur. Techniques for Automatic Verification of Real-Time
Systems. PhD thesis, Stanford University, Stanford, CA, USA, 1991.

Patricia Bouyer, Franck Cassez, and Francois Laroussinie. Modal
logics for timed control. In Proc. 16th International Conference on
Concurrency Theory (CONCUR’05), volume 3821 of Lecture Notes
in Computer Science, pages 81-94. Springer, 2005.

Ahmad Bouajjani and Yassine Lakhnech. Temporal logic + timed
automata: Expressiveness and decidability. In Proc. 6th Interna-
tional Conference on Concurrency Theory (CONCUR’95), volume
962 of Lecture Notes in Computer Science, pages 531-545. Springer,
1995.

Deepak D’Souza, Raveendra Holla, and Deepak Vankadaru. On the
expressiveness of TPTL in the pointwise and continuous semantics.
Unpublished manuscript, 2007.

Deepak D’Souza, Raj Mohan M, and Pavithra Prabhakar. Elimi-
nating past operators in Metric Temporal Logic. Technical Report
IISc-CSA-TR-2006-11, IISC Bangalore, India, 2006.

Deepak D’Souza and Pavithra Prabhakar. On the expressiveness of
MTL with past operators. In Proc. 4th International Conference on
Formal Modeling and Analysis of Timed Systems (FORMATS’06),
volume 4202 of Lecture Notes in Computer Science, pages 322—-336.
Springer, 2006.

Deepak D’Souza and Pavithra Prabhakar. On the expressiveness of
MTL in the pointwise and continuous semantics. Formal Methods
Letters, 9(1):1-4, 2007.

E. Allen Emerson and Joseph Y. Halpern. ”Sometimes” and "not
never” revisited: On branching versus linear time temporal logic.
Journal of the ACM, 33(1):151-178, 1986.

31



[Eme91]

[FRO7]

[GPSS80)

[Hen98|

[HNSY94]

[HRO6]

[HRO7]

[Kam68]

[Koy90]

[Lar95]

[LMS02]

E. Allen Emerson. Temporal and Modal Logic, volume B (Formal
Models and Semantics) of Handbook of Theoretical Computer Science,
pages 995-1072. MIT Press Cambridge, 1991.

Carlo A. Furia and Matteo Rossi. On the expressiveness of mtl
variants over dense time. In Jean-Francois Raskin and P. S. Thia-
garajan, editors, Proceedings of the 5th International Conferences on
Formal Modelling and Analysis of Timed Systems, (FORMATS’07),
Lecture Notes in Computer Science, pages 163—178. Springer-Verlag,
October 2007.

Dov M. Gabbay, Amir Pnueli, Saharon Shelah, and Jonathan Stavi.
On the temporal analysis of fairness. In Conference Record Tth ACM
Symposium on Principles of Programming Languages (POPL’80),
pages 163-173. ACM Press, 1980.

Thomas A. Henzinger. It’s about time: Real-time logics reviewed. In
Proc. 9th International Conference on Concurrency Theory (CON-
CUR’98), volume 1466 of Lecture Notes in Computer Science, pages
439-454. Springer, 1998.

Thomas A. Henzinger, Xavier Nicollin, Joseph Sifakis, and Sergio
Yovine. Symbolic model-checking for real-time systems. Information
and Computation, 111(2):193-244, 1994.

Yoram Hirshfeld and Alexander Rabinovich. An expressive temporal
logic for real time. In Rastislav Krélovi¢ and Pawel Urzyczyn, editors,
Proceedings of the 31st International Symposium on Mathematical
Foundations of Computer Science (MFCS’06), volume 4162 of Lec-
ture Notes in Computer Science, pages 492-504. Springer-Verlag,
August 2006.

Yoram Hirshfeld and Alexander Rabinovich. Expressiveness of metric
modalities for continuous time. Logicical Methods in Computer
Science, 3(1), March 2007.

Johan A.W. Kamp. Tense Logic and the Theory of Linear Order.
PhD thesis, UCLA, Los Angeles, CA, USA, 1968.

Ron Koymans. Specifying real-time properties with metric temporal
logic. Real-Time Systems, 2(4):255-299, 1990.

Frangois Laroussinie. About the expressive power of CTL combina-
tors. Information Processing Letters, 54(6):343-345, 1995.

Francois Laroussinie, Nicolas Markey, and Philippe Schnoebelen.
Temporal logic with forgettable past. In Proc. 17th Annual Sym-
posium on Logic in Computer Science (LICS’02), pages 383-392.
IEEE Computer Society Press, 2002.

32



[LPZ85]

[Mar03]

[MRO6]

[Ost92]

[OW05]

[Pnu77]

[Ras99]

[Rey03]

[RSHOS]

[SCs5]

[TRO5]

[TW96]

Orna Lichtenstein, Amir Pnueli, and Lenore D. Zuck. The glory of
the past. In Proc. Conference on Logics of Programs, volume 193 of
Lecture Notes in Computer Science, pages 413-424. Springer-Verlag,
1985.

Nicolas Markey. Temporal logic with past is exponentially more
succinct. FATCS Bulletin, 79:122-128, 2003.

Nicolas Markey and Jean-Francois Raskin. Model checking restricted
sets of timed paths. Theoretical Computer Science, 358(2-3):273-292,
August 2006.

Jonathan S. Ostroff. Formal methods for the specification and design
of real-time safety critical systems. Journal of Systems and Software,
18(1):33-60, 1992.

Joél Ouaknine and James B. Worrell. On the decidability of met-
ric temporal logic. In Proc. 19th Annual Symposium on Logic in
Computer Science (LICS’05). IEEE Computer Society Press, 2005.

Amir Pnueli. The temporal logic of programs. In Proc. 18th Annual
Symposium on Foundations of Computer Science (FOCS’77), pages
46-57. IEEE Computer Society Press, 1977.

Jean-Francois Raskin. Logics, Automata and Classical Theories
for Deciding Real-Time. PhD thesis, University of Namur, Namur,
Belgium, 1999.

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

Jean-Francois Raskin, Pierre-Yves Schobbens, and Thomas A. Hen-
zinger. Axioms for real-time logics. In Proc. 9th International
Conference on Concurrency Theory (CONCUR’98), volume 1466 of
Lecture Notes in Computer Science, pages 219-236. Springer, 1998.

A. Prasad Sistla and Edmund M. Clarke. The complexity of propo-
sitional linear temporal logics. Journal of the ACM, 32(3):733-749,
1985.

Prasanna Thati and Grigore Rosu. Monitoring algorithms for metric
temporal logic specifications. In Proc. 4th International Workshop
on Runtime Verification (RV’04), volume 113 of Electronic Notes in
Computer Science. Elsevier, 2005.

Denis Thérien and Thomas Wilke. Temporal logic and semidirect
products: an effective characterization of the until hierarchy. In
Proc. 87th Annual Symposium on Foundations of Computer Science
(FOCS’96), pages 256-263. IEEE Computer Society Press, 1996.

33



[Var96] Moshe Y. Vardi. An automata-theoretic approach to linear temporal
logic. In Proc. Logics for Concurrency: Structure versus Automata,
volume 1043 of Lecture Notes in Computer Science, pages 238-266.
Springer, 1996.

[VW86] Moshe Y. Vardi and Pierre Wolper. An automata-theoretic approach
to automatic program verification. In Proc. 1st Annual Symposium
on Logic in Computer Science (LICS’86), pages 322-344. IEEE
Computer Society Press, 1986.

[Yov93] Sergio Yovine. Méthodes et outils pour la vérification symbolique de
systéemes temporisés. PhD thesis, Institut National Polytechnique
de Grenoble, Grenoble, France, 1993.

34



	Introduction
	Timed Linear-Time Temporal Logics
	Timed Propositional Temporal Logic (TPTL)
	Metric Temporal Logic (MTL)
	Metric Interval Temporal Logic (MITL)
	Adding Past-Time Modalities
	Relative Expressiveness

	TPTL is Strictly More Expressive Than MTL
	Alur & Henzinger's Formula is not a Good Witness...
	The Detriment of Relaxing Punctuality
	TPTL vs MTL in the Pointwise Semantics
	TPTL vs MTL in the Interval-Based Semantics

	On the Existential Fragments of MTL and TPTL
	Conclusion

