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temporal logic can express all the natural generalizations of this modality. It followed that
if we look for an optimal decidable metric logic we must accept infinitely many modalities,
or adopt a different formalism. Here we identify a fragment of the second order monadic
logic of order with the “+ 1" function, that expresses all the Pnueli modalities and much
more. Its main advantage over the temporal logics is that it enables us to say not just
that within prescribed time there is a point where some punctual event will occur, but
also that within prescribed time some process that starts now (or that started before, or
that will start soon) will terminate. We prove that this logic is decidable with respect to
satisfiability and validity, over continuous time. The proof depends heavily on the theory
of compositionality. In particular every temporal logic that has truth tables in this logic
is automatically decidable. We extend this result by proving that any temporal logic, that
has all its modalities defined by means more general than truth tables, in a logic stronger
than the one just described, has a decidable satisfiability problem. We suggest that this
monadic logic can be the framework in which temporal logics can be safely defined, with
the guarantee that their satisfiability problem is decidable.
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1. Introduction

The main model for the progression of time is the ordered real line or the non-negative real line with 0 as a first moment
of interest. In computer science the latter is commonly assumed. The model for the evolving of a system in continuous time
is a function f from R™ to a finite set of propositions (about the system) where f(t) is the set of propositions that hold at
the moment t. This is called a signal. Alternatively we may think of every proposition as a one place predicate P(t) which
holds or not at time t. The mathematical logic that deals with signals is Monadic Logic of Order (MLO), and its derivatives,
the different temporal logics: If the modalities of a temporal logic are defined in a predicate logic, then the temporal logic
becomes another way to handle a fragment of the predicate logic. Thus the modalities U (for “until") and S (for “since")
are definable in first order MLO, so that the temporal logic TL(U,S) describes a fragment of first order MLO. This makes the
classical predicate logic a framework in which temporal logics can be compared, and a source of knowledge that can be
directly applied or adapted to temporal logic. In Computer Science, systems evolving in time were first modeled as evolving
in discrete steps. The corresponding time model was the set of positive integers and the model for the system was a sequence
of values stating which predicate holds at any point in the time sequence. The logic that was applied very successfully was
mainly temporal logic. A. Pnueli, who was the first to use it and was the main driving force behind its success, was aware of
the important connection between temporal logic and classical predicate logic, and he based his work on Kamp’s theorem
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[17], which states that the temporal logic TL(U,S) is equivalent to first order MLO. In [8] Pnueli with three coauthors reproved
this theorem.

For the last 25 years logics for continuous time were developed, adding a notion of distance, and aiming for a language
that is expressive and yet decidable and easy to handle. Temporal logic was enriched and the models chosen for the evolution
of systems in continuous time were sequences in which each point was decorated either by a real value (“point sequence
models") or by a pair of real values (“interval sequence models"). A very incomplete list of papers where the theory was
developed is [5,2,3,18,22,1,10,11]. In particular T. Henzinger with various collaborators developed and researched over the
years the temporal logic MITL and its derivatives.

In [12,13] we took an alternative approach, using the monadic logic of order as the logical framework, and the positive
real line as the model. We were motivated by the belief that the real line is the most natural model for continuous time, that
the general theory should apply to all signals, delaying the special treatment of signals with finite variability to a later stage,
and that the tools developed for general logic will be useful. In [13] this approach produced a simple temporal logic, which
we called QTL (for “quantitative temporal logic"). QTL was equivalent to MITL, it applied to general signals, and it allowed for
a generalization of Kamp's theorem as follows: Add to the formation rules of the monadic logic of order the clause: If ¢ is a
formula with s its only free variable then (as)j“ v and (Hs)j_lqj are also formulas. The resulting logic QMLO with its natural
interpretation is equivalent to QTL. The proofs used standard technics and results from general logic (instead of Automata
Theory tools). The details were worked out in [15].

An indication that MITL (or QTL) was not the ultimate decidable metric logic came from "Pnueli’s conjecture” (we did not
find its original statement): Pnueli defined the modality “within one unit of time X and then Y will occur" and conjectured
that it could not be expressed in the logics that were discussed above. In [12,16] we proved that this conjecture was true,
and that in fact there was a whole hierarchy of natural decidable extensions of the language such that each is more expressible
than the previous one. Moreover: no decidable temporal logic with finitely many modalities contains all these extensions
so that any decidable temporal logic which is based on finitely many modalities is incomplete in expressive power. It may
be that a temporal logic with infinitely many modalities will be worthwhile considering, provided it is still simple enough,
and with maximal expressive power, according to some relevant measure. But which infinite temporal logic should we
choose, and by which measure should we evaluate its expressive power?

To try to deepen our understanding we concentrated on classical predicate logic. We looked for a fragment of the monadic
logic of order with the +1 function (to express nearness) that is expressive yet decidable. The key feature that we considered
was to allow to prefix the metric quantifier (Hs)jfi"m to a formula where both t and s may be free. As we shall see the logic
Q2MLO has significantly more expressive power than the logics QTL, MITL and QMLO. Q2MLO was first discussed in [12] and
the main result of this work was announced and discussed there.

Using a “compositional method" we prove that Q2MLO is decidable. In particular, every temporal logic that has its modali-
ties defined in Q2MLO is automatically decidable. For temporal logics we have an even stronger result. We denote by Q2MLO4
the logic that allows existential set quantifiers in front of Q2MLO formulas, and we show that every temporal logic that is
based on modalities which are defined in Q2MLO5 is decidable. The proof is quite general, and it applies to all logics that
obey compositionality. It gives an algorithm that reduces satisfiability questions in a logic enriched by existential metric
quantifiers, to the original logic.

We cannot “prove"” that Q2MLO5 is the ultimate decidable metric logic, but it seems on the one hand very expressive and
on the other hand, very small extensions render it undecidable. Such extensions are allowing to prefix (Els)jgm in front of a
formula with two variables, where only one is t or s, or allowing trivial statements on the whole interval (t,t + 1).

Important work along similar lines was previously done by Wilke [22] who specified a fragment of the second order
monadic logic of order with distance, and showed that this logic is decidable for point sequence models, and that it is
expressive enough to allow the definition of different temporal logics. It is difficult to compare Wilke’s work with the
current one; on the one hand his results are proved for point sequence models, for which everything that happens has
a first point where it happens. This is clearly not the general case. On the other hand his proofs are based on automata
theory, and cannot be extended to general signals. For the real line Wilke’s logic is more expressive than our Q2MLO5
but it is also undecidable by [20], since it includes all of (the non-metric) second order MLO. Wilke’s logic is probably
decidable for the real line with predicates of finite variability, but his proofs do not adapt straightforwardly to the real line
model.

The paper is divided as follows: In Section 2 we describe the background and previous results. In Section 3 we define the
new logics Q2MLO and Q2MLO5 and prove the main result, that the logics are decidable. Section 4 extends the decidability
result to temporal logics whose modalities are second order functionals defined by Q2MLO5 formulas. Section 5 shows how
this method can be used to define new decidable modalities. Admittedly, with the possible exception of Pnueli’s modalities
they do not seem very useful. Section 6 exemplifies that what seems like minor modifications in the definitions renders the
logics undecidable. Finally Section 7 explains that the methods used are abstract and general enough to apply to any logic
that satisfy appropriate compositional requirements.

The paper is theoretical in nature, and does not suggest any pragmatical algorithms. We show that a very general
framework is decidable, by supplying the link that reduces the problem to the non-metric case. Since decidability of
satisfiability and validity is non-elementary for standard monadic logic of order the question whether the reductions are
elementary is not very important, and indeed the natural way to construct the disjunction of types that replaces any formula
is non-elementary.
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2. Monadic logic of order and simple quantitative logics of order

In this section we summarize the part of our previous work which is relevant to the discussion. We recall the definitions
of the monadic logic of order (MLO) and the temporal logic (TL). We then repeat the definitions from [ 14] of their quantitative
expansions QMLO and QTL.

We cite the theorems from [15] concerning the decidability and complexity of these extensions, and we recall the defi-
nitions of Timer normal form logics, which are (up to the addition of existential quantifiers) simple formulas of the given
quantitative logic. In the cases that we investigated in [15] a formula of quantitative logic was reduced by an effective,
satisfiability preserving transformation to timer normal form. The main technical result was a similar reduction of a timer
normal form formula to formula of pure (non-metric) monadic logic of order. This reduced the decidability and complexity
questions for quantitative logics to the similar questions about the non-metric logics. The last subsection introduces the
compositional methods that will allow us to similarly reduce the stronger logics discussed in this work.

2.1. Monadic logic of order (MLO)

The syntax of MLO has in its vocabulary individual (first order) variables ty,ty, ..., unary predicate names Xy,X1, ... and one
binary relation < (the order). Atomic formulas are of the form X (t), t; < t; and t; = ty. MLO formulas are obtained from atomic
formulas using the Boolean connectives —, v, A, — , <> and the (first order) quantifiers 3t and vt. We will freely use derived
notations like x > y fory <xorx <y fory <xvx=y.In Second order MLO a particular logic is declared when we decide
which of the predicate names above is a predicate constant and which is a predicate variable. Formulas may have second
order quantifiers 3X and vX, where X is a predicate variable. As usual if ¢ is a formula we may write ¢(tq,...,t;; X1, ...,Xm) to
indicate that the free variables in ¢ are among tq,...,t; and Xy, ... Xn.

A (canonical real time) model is the non-negative real line R* with its natural order and some unary predicates, corre-
sponding to the predicate constants. We shall not repeat the inductive definition saying when is a formula satisfied. Recall
that in order to check if the formula ¢(ty, . . . t; X1, ..., Xm) is true we need to specify what are the elements zy ... 7, in R™ and
the predicates (subsets) Py, ...,P, over R which are assigned to the variables tq,...,t;.X1,...,Xm. Hence the notation will
usually be

<R+|T]v' <o Tk P1v~ .- va) ):

= o 1, Ltk X, Xm)

which we also abbreviate to Rt = ¢[t1,...,5: Py, ...,Pm] or even to Rt |= ¢[7,P] where the bar denotes a tuple of appropriate
length. When we define the semantics of a second order formula or when we deal with validity and satisfiability of a first
order formula it is necessary to specify over which predicates should the variables X range. In standard MLO they range over all
unary predicates (i.e. — subsets). A requirement that is often imposed in the literature is that in every bounded time interval a
system can change its state only finitely many times. This requirement is called finite variability (or non-Zeno) requirement.
We consider also finite variability interpretations of first-order and second-order MLO. Under these interpretations monadic
predicates range over predicates with finite variability. We note that decidability results for general signals, in predicate
logics extending MLO or in temporal logics extending TL(U,S) hold also for the same languages, where the unary predicates
range only on sets with finite variability. This is so because over the real line, or over the positive reals, finite variability
is definable in the language, due to the Bolzano Weierstrass theorem which assures that a bounded set of infinitely many
points has a point of Accumulation. A predicate X is of infinite variability if and only if:

tLmX,t) A Liim(=X,t)) v REmX,t) A Rlim(=X,t))

where Lim(X,t) is Vt; 3t (t; < t)—(t < b3 < t AX(ty)) and REm(X,t) is V1 3ta(t; > H)—(t; > b > t AX(E2)).
Therefore a formula holds in the model with finite variability predicates if and only its modification, that requires every
predicate to be of finite variability, holds in the model with general predicates.

2.2. Temporal logics and truth tables

Temporal logics uses logical constructs called “modalities” to create a language that is free from variables and quantifiers.
Here is the general logical framework to define temporal logics:

The syntax of the temporal logic TL(O%"”, . ,Of.,k")) has in its vocabulary monadic predicate variables X1,X,, ... and a

sequence of modality names with prescribed arity, Oﬁkl), . ,O,ﬂk”) (the arity notation is usually omitted). The formulas of this
temporal logic are given by the grammar:

¢ = X|=¢lp A pl0® (g1, . ..o

When the particular modality names are unimportant or they are clear from the context we omit them and write TL
instead of TL(ng”, . ,o;{"ﬂ).

Structures for TL are again linear orders with monadic predicates M = (A, < ,P1,P5,...,Pn,...), where the predicate P;
isassigned to a predicate constant X;. Every modality 0% is interpreted in every structure M as an operator O,‘éj) [ PAF -
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P(A) which assigns “the set of points where 0[Sy, ....S,] holds" to the k-tuple (Sq,....S) € P(AK. (Here P is the power
set notation, and P(A) denotes the set of all subsets of A.) Once every modality corresponds to an operator the semantics is
defined by structural induction:

o For atomic formulas
M) 5 X iff © e P, where the monadic predicate P is assigned to X.

o For Boolean combinations the definition is the usual one.
o For 00 (g1, ... .0p)

M), 0O (pr,...p0) Iff 7€ O0fA,,.... A

where A, = {t : (M,7) E ¢} (we suppressed predicate parameters that may occur in the formulas).

Usually we are interested in a more restricted case; for the modality to be of interest the operator 0% should reflect some
intended connection between the sets A, of points satisfying ¢; and the set of points O[A,,, ... A, 1. The intended meaning
is usually given by a formula in an appropriate predicate logic:

Truth tables: A formula O(to,X1, ... X;) in the predicate logic L is a Truth Table for the modality O® if for every structure M

OpyPy,....P)={zr:ME 6[1,P],...,Pk]}.

MLO

The following proposition justifies our view that a temporal logic is an alternative presentation of fragments of the
predicate logic in which it is defined.

Proposition 2.1. Let PL be a logic that allows substitution of formulas with one free first order variable instead of one place
predicates. If every modality in the temporal logic TL has a truth table in the logic PL then to every formula ¢(Xy, . . .,Xn) of TL there
corresponds effectively (and naturally) a formula @(tg,X1, . ..Xn) of PL such that for every M, € M and predicates Py, ... ,Py

<MvTvP114'~an>': 2 lff (M!Tvplv“-vpn)':

L MLO @

Every modality that we found in the literature has a truth table in predicate logic, and the temporal logic can be thought of
as syntactical sugar for a fragment of classical logic. Thus the modality <X, “eventually X", is defined by ¢(ty,X) = 3t > to X(t).
The modality <X, “X has happened before", is defined by ¢(ty,X) = 3t < to X(t). The modality XU Y, “X until Y", is defined by
V(o X,Y) = At (kg < t1 AY(E) AVLE(L < t < t] — X(1))).
The modality XS Y, “X since Y", is defined by

Y(te.X,Y) = 3t (tg > tg A Y(t)) AVEE <t < tg — X(D))).

2.3. The temporal logic TL(U,S)

We start with the logic, TL(U,S) that has the modalities U (for “until") and S (for “since") defined above. Since the two
modalities have truth tables in MLO this logic describes a fragment of (first-order) MLO. The next theorem shows that TL(U,S)
is just as expressive (as far as formulas with at most one free time variable are concerned) as MLO. We recall the terminology
used when comparing languages:

Definition 2.2. Let T be a class of structure (possibly with a single structure), and let L and L’ be logics each with a fixed
interpretation in the class.

(1) Lisexpressiblein L’ over the class if for every formula ¢ of L there is a formula ¢’ of L’ such any tuple (of the proper length)
in any structure of the class satisfies ¢ if and only if it satisfies ¢'.
(2) Land L’ are expressively equivalent over the class if each logic is expressible in the other.

Theorem 2.3 ([17], reproved in [8]). The temporal logic TL(U,S) is expressively equivalent over the two canonical structures, the
real line and the natural numbers, to the fragment of first-order MLO of formulas with at most one free (first-order) variable.

From now on when we say “temporal logic", TL, or “pure temporal logic" we mean TL(U,S).
In TL we have the following definable operations:

OX =TrueU X

OX = =o—X
SX =True S X
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O=-5-X

Always(X) = Gx A X AOX

“Always" acts like the universal closure of a formula in relational logic, and it turns it into a sentence, which has the same
value at any point in the structure.

2.4. Quantitative temporal logic and quantitative monadic logic of order

The logics MLO and TL(U,S) are not suitable to deal with quantitative statements like “X will occur within one unit of
time". We add to TL(U,S) the modalities <»;X (X will happen within the next unit of time) and & ;X (X happened within the
last unit of time).

Definition 2.4. Quantitative temporal logic, QTL, is the temporal logic the temporal logic constructed from U, S and two new
modalities <1 X and &1 X defined by the tables with free variable t;:

S1X o Aty <t < tg+ 1) AX(D)

TiX: 3t <ty <t+1)AXD).

We also introduce the derived modalities:
D1X=—|<>1—|X ﬁ1X=—-<<§1—-X

Next we intend to identify the fragment of the monadic logic of order with the +1 function that corresponds to QTL. This
fragment will use the function t + 1 only in a very restricted form as indicated in (3) and (4). We use “bounded quantifiers"
(3t)<thrl and (Ht)j&1 as shorthand:

>

<tp+1

@0y

=3ty <t <thp+1A¢p)
We do not have substraction in the language and we define:

(3t)§£371(p =3t <tyg<t+1) Apd)

Note that for points ty smaller than 1 it just means that there is some previous t satisfying ¢.

Definition 2.5. Quantitative monadic logic of order, QMLO, is the fragment of the monadic logic of order with the +1
function, which is built from the atomic formulas t < s, t = s, X(t), where t and s are first order variables, using Boolean
connectives, first order quantifiers and the following rule: if (t) is a formula of QMLO with t its only first order free variable
then @) ~©*1y and (Elt)§§871 ¢ are formulas of QMLO.

>ty
Theorem 2.6. QTL is expressively equivalent to the fragment of QMLO of formulas with at most one free (first-order) variable.

Is the language strong enough to deal with intervals of length larger than one?
For QMLO and QTL the answer is positive. This is the content of the next theorem. We use notations like (3t)

A0, @OZP T ™ which are self explanatory. With these notations we have:

<tp+n+m
>to+n ’

Theorem 2.7. The extension L of QVILO by the following rules is expressive equivalent to QMLO over the canonical model: if ¢(t)
is an L formula with the only free variable t then the following are L formulas:

1) (Elt)jgifm(p(t), where n is an integer (possible negative) and m a positive integer.
<

(2) 3t > tg +ne(t) (denoted also by (3r)§§§+n<p(t)) and (3t < ty + n)e(t) (denoted by (Elt)>f_0;nw(t)), where n is an integer.

(3) Similar to (1) or (2) above with weak inequality replacing one or both occurrences of the strong inequality.

The theorem was proved in [12,15].
2.5. Decidability and complexity for quantitative logics
The main results of [13,14] were the following:

Theorem 2.8 (Decidability).
(1) Satisfiability in the canonical model is decidable for QVMILO and for QTL.
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(2) Satisfiability in the finite variability canonical model is decidable for QMILO and for QTL.

Theorem 2.9 (PSPACE complexity).

(1) The satisfiability problem for QTL in the finite variability canonical model is in PSPACE.
(2) The satisfiability problem for QTL the canonical model is in PSPACE.

2.6. Timer normal form

The proof of the decidability and complexity theorems is based on two reduction steps: First metric formulas are reduced
to simple metric formulas called formulas in timer normal form, then a heavy technical theorem reduces a timer normal form
formula to a non-metric formula. This reduces the decidability and complexity of metric formulas to the similar question
on non-metric formulas. Timer normal form plays a central role also in this work and we will define it again. The definition
will slightly differ from the definition in [15]. The modified definition reflects better the idea of the timer, and is easier to
work with in this paper. A timer for a formula ¢(t) is a new unary predicate C(t) which is true at points where ¢ was true
uninterruptedly for the last unit of time. This is a special case of an auxiliary unary predicate which can be described by a
formula.

We start with the definition that was used in [13]:

Definition 2.10 (Timer formulas). We call the following QMLO formula a simple Timer Formula

Timer(X,Y) = VE(Y(t) «— (¥¢)=L  X(t1)

we say that Y is a timer for X.
For every n and 2n distinct variables X, ... ,X;,Y1,...,Y, we define the formula:

Timer,(Xy,... Xn.Y1,...,Yn) = /\ Timer(X;,Y;)
i
In the formula Timer, (X1, ..., Xn,Y1,...,Yn) each Y; is a timer that measures if X; persisted for the duration of the last unit
of time.
Definition 2.11 (Timer Normal Form). A formula is said to be in first-order (second-order, or temporal) timer normal form if
it is of the form
IW (Timern Xy, ... Xn,Y1,...,Yn) A @),
where W is alist of monadic variables (among those explicit in Timer;, orimplicitin ¢),and ¢ is first order MLO, second-order
MLO or TL(U,S) formula, respectively.
Theorem 2.12 (Reduction to Timer Normal Form). Every formula can be brought to Timer normal form:

(1) Thereis an algorithm which associates with any formula ¢(t,Z) of QMLO , a formula g(t.X, . .. Xn,Y1, . ..,Yn.Z) of (non-metric)
first-order MLO,
such that ¢ is equivalent to the formula:

HTG?(Timern(X] e Xn YY) A E)

In particular, ¢ is satisfiable iff the following formula is satisfiable:
Timern(X1, - Xn,Y] . ,Yn) A a

(2) There is an algorithm which associates with any QTL formula ¢(Z), a formula (X1, ... Xn,Y1,...,Yn.Z) of TL(U,S)), such that
@ is equivalent to the formula:

3)737<Timern(x1 X Y1, LY A a)
In particular, ¢ is satisfiable iff the following formula is satisfiable:
Timerp(Xy,....Xn,Y1,....Yn) A9

The main theorem in [15] eliminates the metric altogether:

Theorem 2.13 (Elimination of the metric). There is an algorithm which associates with every n a formula Timer, of pure monadic
logic MLO in the same 2n set variables as Timery, such that:

(1) If the predicates Py, ...,Pp,Qq, . ..,Qn over RT satisfy the formula Timery, then they satisfy the formula Timer.
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(2) Ifthe predicates P1,...,Pn,Q1,...,Qn over RT satisfy the formula Timer,, then there is an order preserving bijection p : R* — R*
such that

Pip,....Pnp,Q1p,...,Qnp satisfy Timery
(P;p is the image of P; under the bijection p)

The last theorem entails the desired result:

Theorem 2.14. For every first-order or second-order monadic formula or temporal ¢ :

Timery A ¢ is satisfiable iff Timer, A ¢ is satisfiable.

The satisfiability problem for first order monadic logic of order is decidable by [4]. Since Timery, is a first-order MLO formula,
we have:

Theorem 2.15. The satisfiability problem for formulas in first-order timer normal form is decidable with respect to the class of all
structures, and with respect to the class of structures with finite variability.

For the class of structures with finite variability it was shown in [19] that second order monadic logic of order was
decidable. Therefore we have a stronger decidability result for this class:

Theorem 2.16. The satisfiability problem for formulas in second order timer normal form is decidable with respect to the class of
structures with finite variability.

2.7. The Pnueli modalities

We examine a statement that was suggested by A. Pnueli, in order to check whether logics of the type of QTL are strong
enough to express the natural queries that come up when we describe properties of a program. We denote by P, (X,Y) (“P"
for Pnueli) the modality which says that X and then Y will be true at two points within the next unit of time. Its truth table

is (Ht)jg“ At (tg < t1 <t AX(t1) A Y(1)). Pnueli conjectured that the statement cannot be expressed in the metric temporal
languages that we discussed up to now. To investigate this question we introduced the sequence of the Pnueli modalities,
Pn(Xy,....Xn), for every natural number. P,(Xy,...,Xp) says that there is a sequence of points t; < --- < t; within the next
unit interval of time, such that fori = 1,...,n, X; holds at t;. We also introduced the counting modality C,(X), that says that X
will be true at least at n points in the next unit interval of time. That is, C;(X)=Pr (X, ... ,X). With these definitions we proved
in [16]:

Theorem 2.17

(1) For every natural number n the modality C,.1(X) is not expressible in the temporal logic TL(U,S,Py, ... ,Pn).
(2) There is no temporal logic with finitely many modalities that can express the modalities C, for all natural n.

Some remarks are in order:

(1) The last claim must be made precise. We must state in which formal framework there is no finite temporal logic. This is
done in [16].

(2) Kamp’s theorem says that in the non-metric case there is a simple temporal logic with two modalities that is expressibly
complete, and therefore as expressive as can be hoped for. The last theorem shows that there is no hope for a simple
extension to Kamp’s theorem: Any temporal logic with claim to full expressiveness will must have infinitely many
modalities.

(3) The logic obtained by adding to QTL all the connectives P;, is decidable, yet this does not follow from any previous result
and it must be proved directly. The same applies to any proper extension of QTL, which is decidable. As will be seen, our
main result will make all these special proofs unnecessary.

2.8. Elements of composition method

Families of structures of the same type may be combined in different ways to compose a new structure of the same type.
The “compositional method" applies when a structure is composed from simpler structures, and the theory of the composite
structure can be reduced to the theory of its components. Ehrenfeucht used it in [6] for ordered structures, and our proofs
follow his steps. The method was systematically developed and used by Feferman-Vaught [7], Shelah [20] and others, and
the subject is surveyed in [9,21]).



1432 Y. Hirshfeld, A. Rabinovich/Information and Computation 206 (2008) 1425-1442

In the next section, in the proofs of the main theorems, we use this method repeatedly, decomposing intervals into
subintervals and expressing a statement about the interval in terms of statements about the subintervals. This is done twice
when we show that all the formulas of Q2MLO can be expressed using only quantifiers (Hs)jfrl and (35)3_1 (Theorem 3.8).
Then it will be done again in the Main Theorem 3.9, to entirely eliminate the metric.

We formulate the theorems that we need for the special case where only finitely many models are involved and the
composition is a serial composition of linearly ordered models.

For every non-negative integer m we consider structures of the form M = (4, < ,S1,...,Sn), where < is a linear order on
a set A and S; are subsets of A. Let L be the first order predicate logic with the signature {< ,S1,...,Sm}. We recall the notion
qd(¢) of quantifier depth of a formula:

qd(e) = 0if ¢ is atomic, gd(—¢) = qd(p) , qd(¢ v ¥) = max{qd(e),qd(y)}, and qd(3te) = qd(p) + 1.

From here up to the end of the subsection we fix m, and all the structures considered have a linear order and m unary
predicates. We start with the following definition:

Definition 2.18. A formula v (t1,...,ty) with at most n free variables as indicated, and with quantifier depth at most k is
called a (k,n)-type or a (k,n) Hintikka formula if every formula 6(ty, . . . ,t;) with at most n free variables as indicated, and with
quantifier depth at most k either follows from v or it contradicts v .

A basic property of the logic is that there are finitely many (k,n)-types for every k,n, that every formula is equivalent to a
disjunction of (k,n)-types, and that the process that associates with a formula the equivalent disjunction of types is effective.
Formally:

Proposition 2.19. For every n and k there is a number = = t(k,n), and t (k,n)-types, y¥1(t1,...,tn), ..., ¥ (t1,...,tn) such that:

(1) Every formula 6(tq, ... tn) with quantifier depth at most k is equivalent to a formula 6(t1, ... t,) which is a disjunction of
(k,n)-types.

(2) There is an algorithm that given k,n computes t (k,n), and the (k,n)-types y1(t,...,tn), ..., ¥ (t1,...,tn), and which given a
formula o(tq, .. . tp) with quantifier depth at most k computes the equivalent disjunction 6(ty, .. .,tn) of (k,n)-types.

(Note that this general method to deal with formulas is not efficient in the sense of complexity theory, and the algorithm
is non-elementary.)

The last proposition can be stated slightly differently: Two structures M,M’ are called k-equivalent (written: M =, M") if
M E ¢ & M = ¢ forevery sentence ¢ of quantifier depth k. This is an equivalence relation on structures, and each (k,0)-type
in the proposition is the complete k-theory of one of the equivalence classes (expressed as a single sentence).

Definition 2.20

Let My,M; be two structures in the same monadic logic of order (i.e., interpreting the same unary predicate names), and
with disjoint domains. Their concatenation or ordered sum My + M is defined as follows: The domain of My + Mj is the union
of the domains of My and M, the interpretation of a unary predicate S is the union of its interpretation in My and in My, all
elements of Mg are less than all elements of M; and if two elements are in the same M;, then their order in My + M; remains
as it was in M;.

The composition theorem for ordered sums is the following:

Theorem 2.21 (Composition Theorem). The (k,0)-types of My and My determine the (k,0)-type of the ordered sum My + My : For
every sentence ¢ of quantifier depth k there is a finite, effectively determined, sequence of pairs of sentences of quantifier depth
k, (¥1,61), - - (¥q.0q) such that for every pair of structures My and My, My + M; k= ¢ if and only if for some i < q, My = y; and
M E6;.

The theorem extends by induction to any finite sum of structures.

The theorem assumes that two or more structures are combined to form a new structure. We want to apply it to the case
that we decompose a larger structure into two or more substructures. We want to replace the formulas v; and 6; that speak
about the components as separate structures, into formulas y; and 6; that speak about these components inside the larger
structure. We will recall one more notion from model theory, that of relativizing a formula. We stick to the case of an ordered
structure, and the relativization of the formula to a segment of the structure.

Let L be any first order language that includes a binary symbol < and let x,y be two variables. For any formula ¢ not
mentioning x and y we define by induction its restriction ¢’ to the interval [x,y]: For atomic formulas ¢’ = ¢, (—¢)’ = —(¢),
(W Vv @) =y v¢',and mostimportant: (Jtg) = AU[x <t <Y) A¢']).

Note that x and y become free variables in ¢’. With these notations we have:
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Proposition 2.22. LetL be a first order monadic language of order, let ¢(t1, . .. tr) be a formula with the free variables as indicated,
and let ¢’ be its restriction to [x,y]. Let M be a structure for the language, a < b elements in M, and let M’ be the substructure whose
universe is the interval [a,b] of the universe of M and leta < a; < --- < ar < b Then:

M =9¢(ay,....ar) ff ME9¢'(ay,....arab)

where a and b corresponds to the two extra variables x and y of ¢'.

This does not conclude the preparation for the composition theorem, in the form that suits us. We must define the
relativization of a formula to an unbounded (in the structure) subinterval [x,00), which adds only one new free variable, x,
and the unbounded (in the structure) interval (—oo,a]. We must modify the notion of relativization, so that M” = ¢(ay, .. .,ar)
iff M = ¢"(ay,...,ar,a,b), where M” is the substructure whose universe is the half open interval [a,b). We leave it to be
completed by the reader.

To avoid double indexing we state the next theorem for two variables and not for the general case.

Theorem 2.23 (Second Composition Theorem). For every k there is an effectively determined finite sequence of quadruples of
formulas

(D1 Y1 XD XY x1 D), - - - {Pq (), ¥q (XY),0g (X)), xq (V)

such that fori=1,...,q, $j(x) is relativized to the interval (—oo,X), ¥ (x,y) and 6;(x,y) are relativized to the interval [x,y), and x;(y)
is relativized to the interval [y,c0), and such that:

For every formula ¢(x,y.z) of quantifier depth k with three free variables there is a set A, < {1,...,q} (computable from ) such
that

X<y <D reay2) =& <y <2 A\ @) A YY) A 612 A xi(2)

icA,
With «;(x,2) = ¢;(x) A ¥j(x,2) and B;(x,2) = 0;(z,y) A xi(y) we get the following version:

Theorem 2.24 (Decomposition Theorem). For every formula ¢(x,y) there is a finite set of pairs (computable from ¢)

(01 (X,2),81(ZY)), - - - {aq(X,2),Bq(Z.y))
such that for every structure M and for any a < b in M, the following are equivalent:

(1) M = p(a,b).
(2) For some point c such thata <c < b, M = \/?:1 (aj(a,c) A Bi(c,b)).

(3) For every point c, such thata <c < b, M = \/?:](ai(a,c) A Bi(c,b)).

3. The logic Q2MLO

The results of the last section (see 2.7) indicate that there is no finite metric temporal logic that is maximal in a natural
sense among the decidable temporal logic. This led us to abandon the direct temporal logic approach and focus again on
predicate logic. We know that the class of formulas in timer normal form is a decidable class, and we used this fact to prove that
QMLO is decidable. We will prove that a stronger predicate logic is reducible to timer normal form and is therefore decidable.
In this section we analyze this logic Q2MLO and prove that it is reducible to timer normal form, and hence decidable.

Definition 3.1

(1) Q2MLO is the predicate logic that has atomic formulas t = s, t < s and X(t), is closed under Boolean connectors and first
order quantifications, and under the “metric quantifiers":
If p(to,t) is a formula in Q2MLO with t and ty its only free first-order variables and m < n are integers then (Ht)jgi"mw(to,t)
is a formula of Q2MLO (in the free variable ty).

(2) The sublogic Q2MLOg of Q2MLO is defined as follows: A formula of Q2MLO is in Q2MLOy, if all its metric quantifiers are of
the form: @) ¢*" or GHZP ;.

Remark 3.2

(1) The difference between Q2MLO and QMLO may seem small, but it is not. The fact that in Q2MLO the formula ¢ that follows
the metric quantifier is allowed to have two free variables, enhances the expressibility so that we can say: “within one
unit of time a process that starts now (or that started before, or that will start in the near future) will be completed". It
also changes the nature of the logic. The QMILO metric quantifier corresponds straightforwardly to a temporal modality as
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aresult of the fact that it is applied to a formula with one free variable, which speaks of one point in time. This is no more
the case with Q2MLO, as the quantifier is applied to the formula ¢(ty,t) which speaks about two points (or equivalently,
about the interval (to,t)).

(2) We will show that Q2MLOy is as expressive as Q2MLO, so that it might be more natural to take Q2MLOy as the basic
object, similarly to the definition of QMLO. We defined Q2MLO as the basic object to be consistent with the way that it
was defined in [12], where it was first introduced.

3.1. Expressive equivalence of Q2MLO and Q2MLO

The proof that Q2MLOy is as expressive as all of Q2MLO uses heavily composition methods. We divide the proof into two
propositions. The first one deals with weak inequalities in the metric quantifiers, like (Hs)q+l and the second deals with

more general intervals of length 1, like (3s) =7+

Remark 3.3 fOn the algorithmic nature of our proofs). All our proofs are constructive. We often state “for every formula ¢ in
a language L; there exists an equivalent formula v in a language L,". However, from the proofs it will follow not only that
such v exists, but that there exists an algorithm which constructs for every ¢ € Ly an equivalent formula v € L.

On the other hand the proofs use the composition theorems to reduce formulas from Q2MLO and other complex logics
to formulas of standard MLO, and the composition theorems produce an algorithm which is not even elementary (we recall
that if we define the function fy (n) by induction on m so that f; (n) = 2", and f;,, 1 (1) = 2/n™ then a non-elementary function
of n is not bounded by any of the functions f;(n)). There may be more efficient reductions that are elementary, but they
cannot shed new light on the complexity of the satisfiability problem of Q2MLO and its derivatives,that we consider. This is so
because Q2MLO includes the first-order MLO and even for this logic the satisfiability problem is known to be non-elementary.
Lemma 3.4. If ¢(t,s) is a first-order MLO formula (with possible addltlonal monadic variables), then (Els)q“
to a formula of Q2MLOy. A similar claim is true for the quantifier (3s)=¢

(t,s) is equivalent

>t—1°

Proof. (35)<”1rp(t s) is true for some t and s in a structure, if either (Hs)<t“go(t s) is true, or else if s =t + 1 is the first

point beyond t that satisfies ¢(t,s). We will express (35)<H1(,0(f s) as a disjunction of (35)<”1<p(t,s) with a formula that is true
whenever s = t + 1 is the first point beyond t that satlsﬁes o(t,s). The following formula, which does not involve any metric
quantifier, says that there is a first point s after t for which ¢(t,s) is true:

First, (t) = 3s(t < S A @(£,85) AVV(E <V < S — —g(t,V)))
We look at the following statement:
First, (t) A (W) =51 @s) U+ o(t,5)

We claim that if (EIS)<t+1(p(t s) is false then this statement is true if and only if ¢(t,t + 1) is true. Indeed if ¢ (t,t + 1) is true
then First, (t) is true (as s = t + 1 testifies) and for every v, t < v < t + 1 this s testifies that (E|5)<"” ¢(t,). On the other hand
if the statement above is true then the point s that is the first past t with ¢(t,s) cannot be larger than t + 1 or else any v

which satisfiest < v < t+1and v < s — 1 cannot satisfy (as)iz“(p(t,s)). Therefore the first s with ¢(t,s) is necessarily t + 1.

Therefore
@)= (t,s) = @s) = o(t,s) v (First, () A (W)= @s) v o(t,8))

However (Vv)<t“(5|s)<"“<p(t s)) is not in Q2MLOg (or even in Q2MLO), because (EIS)<V+]<p(t s)) has the forbidden free

variable t. The compositional method will supply a formula of Q2MLOg that is equivalent to (Vv)<t+1 (Els)ﬂ“ o(t,S)).
We recall (see Theorem 2.24) that there are formulas «; and g; such that foreveryt <v <s

q
M= o(ts) iff M \/(@tv) A Biv.s)
i=1

So that for every t

M (W) @)y ews) iff M |=(Vv)<f“\/[a,(t OPNES AR
i=1

And the formula on the right is in Q2MLO,.
It is much easier to replace the lower inequality by a weak one since for example:

@) ets) = @)z et vert O
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As a consequence of Lemma 3.4 we obtain the following proposition:

Proposition 3.5. If ¢(t,s) is in Q2MLOy then (Els)ﬁ*l(p(t,s) is equivalent to a formula of Q2MLOg. A similar claim is true for the
quantifier (3s)<L ;.

Proof. We prove by induction on the total number of metric quantifiers in ¢(t,s). If there are none, then (Hs)i*](p(t,s) is
equivalent to a formula of Q2MLOg by Lemma 3.4.

Otherwise we eliminate some innermost occurrence of a metric quantifier in ¢: Assume (av)iw“ 0 (v,w) is a subformula
of ¢ with ¢ in non-metric monadic logic. Note that w may be t or s, and that v,w are the only variables free in 6. Therefore,
there is some formula v (t,s,X) that has one more monadic predicate variable X and one metric quantifier fewer than ¢ such
that ¢ is obtained from v (t,s,X) by substituting (Elv)iw*]@(v,w) for X(w).

By the inductive assumption, there is a Q2MLOgy formula v (t,X) which is equivalent to (Els)i“ ¥ (t,5,X).

Therefore, the formula « obtained by replacing X (w) by @3v)=%+1o(v,w) in v (t,5,X) is equivalent to (Hs)iﬂ @(t,9).Itis clear
that « is in Q2MLOy. [

Next we treat intervals other than (t,t + 1):

Lemma 3.6. Ifo(t,s) is a first-order MLO formula, then for any naturaln > 0, (Els)jj;zJrl o(t,s) is equivalent to a formula with only
metric quantifier (Hu)jzj:m_1 for 0 < m < n. A similar claim is true for the quantifier (3s)=t~" . and for the analogue formulas

>t—n-1’
with weak inequality replacing one or two of the strict inequalities.

Proof. The key fact is:

@) ets) = @I WS @)W (s

Indeed, if the right hand side is true and there is such a v, then t + n qualifies as a w and we see that the left hand side is
true. In the opposite direction: If the left hand side is true then v = s — 1 will make the right hand side true.

(Note that if one of the inequalities in (Els)jjj“(p(t,s) is replaced by a weak inequality sign, then the corresponding

inequality sign in (35)=Y/*1¢(t,s) will have to be changed to weak inequality).
Thus we reduced the bounds of the quantifiers by one, but the resulting formula is not even in Q2MLO, because the metric
quantifier (3s)=%*! is applied to a formula ¢(t,s) with a free variable t ¢ {w,s}. We invoke a slight generalization to Theorem

2.24 that assures that there are formulas «;(t,v) g;(v,w) and y;(w,s) such thatfort <v <w <s

q
MEots) iff ME \/(ai(t.v) A Bi(V,W) A yi(W,S))
i=1
We want to express the fact that there is some v in the interval (t + n — 1,t + n) such that every w in (v,v + 1) satisfies
Bi(v,w) and y;(w,s) with one of the indices i such that «;(t,v) holds, and with some s in the interval (w,w + 1). The formula
begins by associating with a candidate point v between t + n — 1 and t + n the conjunction of formulas o;(t,v) that it satisfies.
Then for every w in (v,v + 1) there has to be a point s in (w,w + 1) such that g;(v,w) A y;(w,s) holds for some i for which also
a;j(t,v) is true. Therefore
@I ew sy A sy le(ts)

is equivalent to

anzin o\ (L/\ aj(t,v)} A [(Vw)j“ \/ Brvw) A (as)gw“yk(w,s))D O
} jeA

Ac{l,...q keA

Lemma 3.6 takes care of the inductive step in the proof of the following proposition:

Proposition 3.7. If (t,s) is in Q2MLOy, then for any natural n, (Els)jm“w(t,s) is equivalent to a formula in Q2MLOy. A similar
claim is true for the quantifier (3s)<{"" ., and for the analogue formulas with weak inequality replacing one or two of the strict

N . >t—n-1°
inequalities.

Proof. The proof proceeds by induction on n, and for every n by the number of metric quantifiers of the form (Els)jig“.
The proof is similar to that of Proposition 3.5. [

The last proposition almost completes the proof of the desired theorem:

Theorem 3.8 (From Q2MLO to Q2MLOy). Q2MLOy is as expressive as Q2MLO : Allowing only quantifications of the form (Els)j“
and (Els)j_1 in the definition of Q2MLO does not restrict the expressive power of the logic.
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Proof

@)=HMe(ts) = @S ets) v @S Pets) v v @)THT ots)

Therefore we can transform every Q2MLO formula into one that involves only intervals of length one. This formula can
be transformed into a formula of Q2MLO, by repeatedly applying the last proposition inward out, starting with the metric
quantifications which are the deepest. [

3.2. Reduction of Q2MLO to timer normal form

We want to show that every Q2MLO is effectively reducible to timer normal form, which will prove that Q2MLO is decidable.
This will be done in two steps, which are of interest in themselves. First we will show that with fixed predicates N and E for
natural numbers and for even numbers Q2MLO is reducible to QMLO. Then we will note that in QMLO there are formulas
which state that the predicate N defines the natural numbers and E defines the even numbers. These results will be then put
together to prove that Q2MLO is reducible to timer normal form.

We fix two of the predicates of Q2MLO and denote them by N and E. A structure over R will be called proper if N is
interpreted as the set of natural numbers and E as the set of even numbers.

Theorem 3.9 (From Q2MLO to QMLO ). There is an algorithm which associates with every formula ¢ of Q2MLO a formula @ of
QMLO, with the same first order free variables, such that the two formulas are equivalent in every proper structure.

Proof. Given aformula ¢ we effectively transform it into a formula ¢ of Q2MLOg, by theorem 3.8. If ¢ has no metric quantifier
over a formula with two free variables then we are done. Else we will show how to reduce, one at a time, the number of such
metric quantifiers. We choose some innermost metric quantifier that has two free variables in its range, and the subformula
¥ that starts with it. Let us assume that it is a future quantifier (a past quantifier would have been treated similarly). Then
Y= (Els)jﬂe(t,s) and 6 is without metric quantifiers, and t,s are its only free variables.

We will show how to transform v into a formula of QVILO which can then be substituted instead of v, which will reduce
the number of metric quantifiers.

Assume that a pair t and s in a proper structure satisfies 6(t,s) A (t <s <t +1). Then eithert <s <"t ', where "t 'is the
smallest integer larger than t, or t < s and there is a unique integer between them. The latter case is characterized by the fact
that "t "is even and "s ' is odd, or vice versa. Moreover, in this case the integer n between t and s satisfies: "t ' =n = Ls_,
where Ls_ is the integral part of s. By the Composition Theorem 2.24 there are pairs < a1 (x,2),81(Z.Y) > ,- -+, < aq(X,2),8q(Z,y) >
such that

q
MEy(ts) iff M \/(@tm A pins)
i=1
It remains to show that this analysis can be expressed by a QMLO formula. To make the formulas more readable we
introduce the notation: [Lt_ = v] for the MLO formula that states that v is the integral part of t:

[Lta=vl=(NOAt=V)V(=NEOANV)A WV <) AVS(V < S < t — =N(s)))

The dual definition is slightly different; we want "t " to be t + 1 if t is an integer, so that "t ' — .t is always one unit long.
[[tT=v]=( <V) ANWV)AVYS(t <S <V — =N(S))

We also define the predicate “t is an odd integer™:
O(t) = N(t) A —E(t)

With this notation the properties that are equivalent to (EIs)jf“&(t,s) can be written:

([t =v]A

{3s((t <s < V)AO(L,S))V

i=1

q
(E(v) A \/ (a,-(t,v) A (EIs)j“EIW([l_sJ =w]AEWw) A ﬁi(w,s))>) \

q
(O(V) A\ (ai(t,\/) A @)W ((Lss = wl A Ow) A ﬁi(w,S)))) B
i=1
The second line accounts for the case where there is a solution s between t and " t ™, the third line accounts for the case
where there is a solution s with t <"t <s, and "t ' is even. The fact that Ls_ is also even assures that "t ' <s < t + 1 and
nott < s < "t . The fourth line accounts for the case where there is a solution s witht <"t <s,and "t 'is odd. This covers
all the possibilities and it is a formula of QMLO. [J
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Proposition 3.10. There are formulas Nat(X) and Even(X,Y) in QMLO which define (in the model of the non-negative reals) the
natural numbers and the even numbers, respectively. That is Nat(X) holds in a structure iff X is the set of natural numbers in the
structure, and Even(X,Y) holds if X is the set of natural numbers and Y is the set of even numbers.

Proof. Consider the following QVILO formula:
VE{(=3s(s < £) — X(D) A X(0) — (V) HT=X(5)) A (X(t) — @)= X(5))

>t

If the formula is satisfied by X then by the first conjunct X holds at zero. By the second conjunct, if X holds at t then X
does not hold anywhere in the interval (t,t + 1). Therefore by the third conjunct X must hold on t + 1. Therefore X is satisfied
exactly by the natural numbers, and we can take this as the formula Nat (X).

Next we use the notation [ t ' = v] that we introduced and we look at the following QMLO formula:
Nat(X) AVE{(—=3s(s < t) = Y (&) A (Y (1) <& X(t) A EIV(['—t~| =VIA=Y(V)))}

Y holds at zero, it holds only for natural numbers, and it holds at a natural number if and only if it fails at the next one.
Clearly this formula can be taken as Even(X,Y). [

The last two theorems together with previous results give us now the main technical result:

Theorem 3.11 (From Q2MLO to Timer Normal Form). There is an algorithm that associates with every Q2MLO formula a formula
in timer normal which is equivalent over R* to the given formula.

Proof. Let ¢ be aformulaof Q2MLO. By Theorem 3.9 we can find a formula ¢’ (N,E) of QVLO which is equivalent to ¢ whenever
N and E are interpreted as the natural numbers and as the even numbers, respectively. The last proposition assures that every
structure over R™ has exactly one pair of sets that satisfy Even(X,Y) namely the sets X = N of naturals and the set Y = E of
even numbers. Therefore over R* the formula ¢ is equivalent to the formula (3X,Y)[Even(X,Y) A ¢’(X,Y)]. Since ¢'(X,Y) is in
QMLO it is equivalent to a formula ¢’(X,Y) in timer normal form. Similarly the formula Even(X,Y) of QMLO is equivalent to a
formula Even(X,Y) in timer normal form. Therefore ¢ is equivalent over Rt to (IX3Y)[Even(X,Y) A ¢/(X,Y)]. Since the class of
formulas in timer normal form is closed under conjunctions and the prefixing of existential set quantifiers we conclude that
the last formula is indeed in timer normal form. []

To state the next equivalence result concerning expressiveness we use the following notation:
For any logic T we denote by T set of formulas of the form 3X¢ forall ¢ € T.

Theorem 3.12. The following logics are equivalent over R* (also over Q) :

(1) QMLO 5
(2) Q2MLO5
(3) Formulas in first order timer normal form.

Proof. Every formula which is in first order timer normal form is trivially in QMLO 5 and Theorem 2.12 shows the other
direction. Every formula of QMLO 5 is trivially in Q2MLO5 and Theorem 3.11 shows that the converse is also true. []

3.3. Decidable logics
Since Timer normal form formulas are decidable for satisfiability we obtain the following decidability theorem:

Theorem 3.13 (Decidable logics).

(1) Satisfiability and validity over R™ are decidable for Q2MLO with respect to the class of all structures, or with respect to the
class of structures with finite variability.

(2) Satisfiability over R* is decidable for Q2MLOs, either with respect to the class of all structures, or with respect to the class of
structures with finite variability.

(3) Satisfiability and validity over R+ are decidable for every temporal logic whose modalities have truth tables in Q2MLO, either
with respect to the class of all structures, or with respect to the class of structures with finite variability.

Proof

(1) Let ¢ be in Q2MLO. By Theorem 3.11, we can compute a formula in first-order timer normal form which is equivalent to ¢
and check its satisfiability by Theorem 2.15. Applying the same test to —¢ which is also in Q2MLO tests if ¢ is valid or not.



1438 Y. Hirshfeld, A. Rabinovich/Information and Computation 206 (2008) 1425-1442

(2) Let y be a formula in Q2MLO;3, i.e., y has the form 3W¢, with ¢ in Q2MLO. Then v is satisfiable iff ¢ is satisfiable. Hence,
by (2), the satisfiability problem for Q2MLO5 is decidable.

(3) Assume that every modality of a temporal logic has a truth table in Q2MLO. Then for every formula ¢ of this logic one can
compute a Q2MLO formula v (t) which is equivalent to ¢. Hence, by (1) we obtain that this temporal logic is decidable. [

4. Generalized truth tables

A truth table ¢(t,Y, .. .,Y)) defines in every structure a function from k-tuples of subsets, which associates with the tuple
Y1,...,Y, of subsets of a structure M the set of elements t in M that satisfy ¢(t,Y,...,Y) in M. This is a special case of a more
general way to define a function on all the structures in a given class of structures. Here is the formal notion of a “definable
functional” in a class of structures.

Definition 4.1

(1) LetL be alanguage, and let M be a class of structures compatible with this language. Let ¢(X,Y7, . ..,Y)) be a formula in L
with no first order variables, and with no set variables except for those specified. ¢ is an implicit definition of the functional
X =f£”(Y1, ...,Yp) if for every structure M in the class, and for any k subsets Yy, ...,Y; of M, X is the only subset of M for
which M = o(X,Yq,...,Y)).

(2) Amodality O(Yy,...,Y)) of a temporal logic has a generalized truth table ¢(X,Y1, ...,Yy) in the logic L above (over the class
M) if ¢ implicitly defines the operation of the modality; i.e., given subsets Y7, ...,Y} of a structure M in M,

Mt = O(Yy,....Ypifft € fM(Yy,...Yp)

(3) More generally, ¢(X,Y7,...,Y)) is a generalized truth table for the formula v (Y7, ...,Y)) of the temporal logic if given
subsets Yi,...,Y, of a structure M in M,

Mt =y (Y, .. Ypifft € £ (Va,.... V)

If the logic is a second order logic, then this definition is a special case of the classical definition of a function defined by
a formula. If the logic is first order then X,Y,...,Y) are k + 1 of its unary predicates, and the class is a class of structures in
the signature from which X,Yy, ... Y}, are excluded.

Note that if 6(t,Yq,...,Y)) is a truth table for the modality O(Yy,...,Y;) then the following formula in the variables
X,Yq,...,Y, is a generalized truth table for the modality:

VEX(t) < 0(tY1,.... Y]

Therefore the notion of generalized truth table is more general than that of truth table. The notion is usually strictly more
general than that of truth table. Thus it is known that there is no first-order MLO formula ¢(t) which defines over the naturals
the set of even numbers or the set of odd numbers. I.e. there is no MLO formula ¢(t) such that N = ¢ (k) iff k is even. However,
it is easy to write a first-order MLO formula v (X) such that the only set which satisfies it over the naturals is the set of (say)
odd numbers:

X(t) «— IS(=X(S) AVV(V <S VI <V))

0is not in X since it has no predecessor, and therefore every odd number is in X and every even number is not. Therefore
the only set X that satisfies the formula is the set of odd numbers.

It is also easy to extract from the discussion of the predicates describing the natural and the even numbers, a proof that
the modality that holds at a point if and only if the point is in N, has a generalized truth table in QMLO . Yet it can also be
shown that this modality has no truth table in QMLO.

For the particular logic Q2MLO5 every modality that has a generalized truth table has also a truth table. We state it as a
proposition:

Proposition 4.2. Let ¢(X,Y1,...,Yy) be a generalized truth table in Q2MLO3 for a modality O. That is,
Mt = O{y,....Y

if and only if t € X, where X is the unique set that satisfies ¢(X,Y1,...,Yy). Then O has also a truth table (not a generalized one)
o(t,Yq,...,Yy) in Q2MLOs3, such that

M)t ’: O(Ylv tee va) lff M ': @(t-yl- tee vyk

Proof. Choose p(t,Yq,...,Yy):
o(tYq,....Y iff X(eX,Yq,....Y) AX(D).
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Since Q2MLOs is closed under prefixing second order existential quantifiers, the formula is in Q2MLO;. [

The following proposition extends this to general formulas in the modal logics which modalities defined by generalized
truth tables, so that the decidability results for Q2MLO remain true.

Proposition 4.3

(1) Assume that every modality of a temporal logic has a generalized truth table in Q2MLOs5. Then, every formula of this logic has
a generalized truth table in Q2MLO;.

(2) Satisfiability and validity over R* are decidable for every temporal logic whose modalities have (generalized) truth tables in
Q2MLO3, either with respect to the class of all structures, or with respect to the class of structures with finite variability.

(3) In particular, satisfiability and validity over Rt are decidable for every temporal logic whose modalities have generalized truth
tables in Q2MLO, either with respect to the class of all structures, or with respect to the class of structures with finite variability.

Proof

(1) We proceed by the structural induction.
The case of atomic formulas is trivial.
For Boolean connectives. Assume that a formula v (Yy,...,Y;) has a generalized truth table ¢(X,Yq,...,Y;) in Q2MLOs3.
Therefore for every k sets Yy, ... Y, in a structure in M there is a unique subset X that satisfies ¢ (X,Y1, ...,Y). In particular
the one and only witness to the formula 3X¢(X,Y7, ... ,Y}) is this set. Hence, —y has a generalized truth table o(X,Y1, ...,Y))
defined as

az(w(z,h, YA VtX(t)<—>—|Z(t)).

This formula becomes an Q2MLO5 formula in according to the strict definition after the second order existential quantifiers
at the head of ¢ are pulled out in front of the parentheses.

The case of conjunction is treated similarly.

Finally, assume that a modality O(Yq,...,Y,) has Q2MLO5 generalized truth table ¢(X,Ys,...,Y}), and formulas v; have
generalized truth table ¢;(Y;,Z;) in Q2MLO3. Then, the formula O(yq, . . .,¥) has generalized truth table

E|Y1 ...Yk<g0/\(p1 /\.../\(pk)
The last formula can be easily transformed into an equivalent Q2MLO5 formula using equivalence
AWa) A EVB) = EIWV(a A /3), provided

W do not occur free in 8 and V do not occur free in «.

(2) It follows from Theorem 3.13(2) and from the observation that the construction in (2) was computable, that satisfiability
is decidable for the logic. Since temporal logics are closed under negation, and since satisfiability for —¢ is the same as
validity for ¢, validity is also decidable for the logic.

(3) This s a special case of the previous observation, since Q2MLO is a sublogic of Q2MLOs. It was explicitly declared because
having a general truth table in Q2MLO does imply having a truth table in Q2MLO. [J

5. Examples of stronger modalities

The Pnueli modalities are the most natural example of strong metric modalities that can be added to temporal logic, with
truth tables in Q2MLO3. Following this example we give some more examples, which may or may not be interesting for their
own sake, but they are different in nature from the Pnueli modalities and they exemplify the possibilities. Remember that
each collection of these modalities, as well of any other collection of modalities that are defined in Q2MLO3, will automatically
yield a decidable temporal logic. This is a major result of the paper.

5.1. The hierarchy of Pnueli modalities

We return to the Pnueli modalities (see Section 2.7), and the question of their decidability. We recall that for every n the
n place modality P, (X, ...,Xn) says that there is an increasing sequence ty < - - - < t; in the coming unit interval of time such
that fori = 1,...,n, Xj(t;) holds. Let QTL(n) be the temporal logic TL(U,S,Py, . ..,Py).

Theorem 5.1 (Hierarchy of temporal logics).

(1) For every n the logic QTL(n) is decidable.
(2) These logics form a strict hierarchy; for every n the logic QTL(n + 1) is strictly more expressible than QTL(n).
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Proof. The modality P,(Xy,...,Xn) has the truth table

G2 @t Bt <ty <+ < Gl ALXi(E) A+ A Xn(t)])

and the fact that this is a strict hierarchy was proven in [16]. [

5.2. Other modalities with truth tables in Q2MLO3

In the process of proving the main theorem we defined in Q2MLO;5 the set of natural numbers and the set of even numbers
(see Proposition 3.10). These definitions can be made into examples of truth tables for modalities that use explicitly the
property of being a natural number, or that serve to count the elements that satisfy a formula modulo some natural number
(whenever these elements form a sequence).

Examples: The following modalities | ¢, [[1]@, <o e have truth tables in Q2MLO3:

(1) |l holds at a point t if and only if its integer value | t] satisfies ¢:
(2) [O]e whichis true at t if and only if ¢ is true at every point between t and the next integer.
(3) |Ooole is true at t if and only if ¢ is true at infinitely many points between t and the next integer.

For each modality O of the three we must find a formula ®(X,Y) of Q2MLOs5 such that if ®(A,B) holds then
MABE ©X)Y) iff A={tIMBtE= OY}
Here are the three formulas:
(1) ®1(X,Y) is the formula
AZ(Nat(Z) AVEX(t) < 3AS[S<EAYBS)AZGS)AVYV(S <V <) —> =Z(V)])
(2) ®7(X,Y) is the formula
AZ(Nat(Z) AVEX(t) < 3s[t <SAZ(S) AVV(E <V <S) = Y(V)])

(We do not have to insist that s is actually the integer next to t. Any larger integer is just as good.)
(3) To improve readability we define the first order, monadic, non-metric, formulas L~ (X,v) and L*(X,v) saying that v is a left
accumulation point of the set X (or right accumulation point, respectively).

L~Xv) =YWl <w — Juv < u <w A X))
®3(X,Y) is the formula
3Z(Nat(Z) AVEX() <> 3S[t < SAZES) AVV(E <V < § — =Z(V)A

LY, VLTS vaAW[(it <w <) A L™ Y, w) VLT Y, w)HDD)

The following example is a modality that differs in nature from the last examples. It shows that parity can be defined in
a more general setting then just Nat(X) and Even(X,Y). It is definable in Q2MLO5 by a modification of Even(X,Y):

Example: The modality E¢ which holds at a point t if and only if t satisfies ¢ and the number of smaller elements that
satisfy ¢ is finite and odd (so that t is at an even place when we enumerate the points satisfying ¢).

6. Undecidability of more general modalities

The main feature of the logic Q2MLO was the use of quantifiers of the form (Els)j“w, provided at most t and s are free
in ¢. Is it possible to allow a more liberal reference to the interval (t,t + 1) and to produce a stronger logic with decidable
satisfiability problem?

One way to do it is to allow other free variables in the formula ¢. Another way is to allow a more complex reference to
the interval. There is no systematic research of these questions, but every interesting modification that we attempted ended
in an undecidable logic. The most obvious attempt is to allow a third free variable in the formula ¢ which has the metric
quantifier in front.

Proposition 6.1. Let T be the logic obtained from MLO by allowing the prefixing (Els)jg“ to a formula ¢(v,s), where v may be
different from t. Then the satisfiability problem is undecidable for T. Hence, if T' is the logic obtained from MLO by allowing three
free variables to appear inside metric quantifiers, then T’ is undecidable.

Proof
It is well known that if the relation u = t + 1 is defined by a formula v (t,u) in the logic then the logic is undecidable [2].
We define the formula:
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Yt = (vs) = @an =St =u

This formula is in the logic. Clearly u = t + 1 satisfies this formula. On the other hand if u < t + 1 then any s such that
u < s < t+1 will testify that v (t,u) does not hold. And if t +1 < u then any s such that t <s <t + 1 for whichs <u—1
testifies that v (t,u) does not hold. [

7. Extensions to other compositional logics

Before we conclude we would like to draw the readers’s attention to the fact that the proofs of the results presented
here were based entirely on composition theorems, and simple general properties of languages, models and interpretations.
It follows that the same proofs can be applied in a more general context, for logics that have a composition property. We
describe this direction, and give some particular examples.

Notation: Let L be a logic.

(1) We denote by Q2L the minimal extension of L defined as follows:

a) Every formula of L is in Q2L.

b) Q2L is closed under Boolean connectors and first order quantifications
and

¢) Q2L is closed under applications of the “metric quantifiers":

If o(to,t) is a formula in Q2L with t and ¢ty its only free first-order variable and m < n are integers then

(Elt)jgigﬁp(to,t) is a formula of Q2L (in the free variable tg).

(2) The sublogic Q2Lg of Q2L is defined as follows: A formula of Q2L is in Q2L if all its metric quantifiers are of the form:

to+1 t
anz2" or anze_ .

Here are some examples of logics that have a composition theorem:

(1) The second order monadic logic of order, SMLO.

(2) The weak monadic logic of order (weak SMLO). It has the same syntax as SMLO with the second-order quantifiers
ranging over finite subsets.

(3) SMLO with finite variability quantifiers. It has the same syntax as SMLO, but the second-order quantifiers range over
one place predicates with finite variability (free predicate variables and predicate names range over arbitrary predicates).

(4) The counting MLO. This is the extension of first-order MLO by the following “ counting” quantifier 3&m:

M E @®™ )y iff the number of t which satisfies ¢ in M is equal k modulo m

The composition theorem holds for SMLO, weak SMLO, SMLO with finite variability quantifiers and for counting MLO. These
logics can also express the formulas Timer, of 2.13, which were the key to the metric elimination. The composition theorem
and expressibility of Timer,. are the only properties of first-order MLO which were used in our proofs in Section 3. Therefore,
we have the following theorem:

Theorem 7.1. Let ¥ be a signature for SMLO (i.e., the number of named unary predicates is predetermined). Let C be either the

class of all models in = or the class of models with finite variability predicates interpreting the named predicates. Let L be any one

of the following logics: SMLO, weak SMLO, SMLO with finite variability quantifiers, or counting MLO. Then

Q2L is expressively equivalent to Q2L, There is an algorithm which for every ¢ € Q2L computes an equivalent formula in Q2L.

Reduction to Timer normal form There is an algorithm that associates with every Q2L formula ¢ an equivalent formula  of
the form 3W B, where B is in L and 3W is shorthand for a second order existential quantifier applied to a vector of second order
variables.

Decidability The validity and satisfiability problems for Q2L are recursive in the satisfiability problem for L.

Note that the second order logic has undecidable satisfiability problem. However, finite variability SMLO is decidable in
the class of finite variability models and in the class of all models [19]. Weak SMLO is decidable over the reals and formulas of
counting SMLO can be effectively translated into equivalent formulas of weak SMLO. Hence, we conclude by the last theorem
that if L is one of the following logics: finite variability SMLO, weak SMLO, or counting SMLO, then Q2L is decidable.

8. Conclusion
The paper is a major part in a continuous research that develops temporal logic, pure and metric, in connection with

classical predicate logic, in a way that is natural and general in the spirit of logic: the same temporal logic applies to the
real line, to the rational line, to intervals, and in general to any metric linear order. The same temporal logic applies to finite
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variability signals and to general signals (which were ignored by the previous approach). The models are the usual relational
structures that occur in logic and in mathematics.

As a benefit we get to use the rich theory of classical logic, including the theory of composition by Ehrenfeucht, Feferman-
Vaught, Shelah and others. This allowed us to show that the full theory as developed before can be done in a unified logical
way, that applies to all models. From the logical point of view, there is nothing special about models with finite variability.

This new framework allowed us to prove in [16] that no finite temporal logic can express all of Pnueli’s modalities, so
that metric temporal logic is inherently infinite. This informal claim must be formalized, and the framework developed here
allows such a formalization. It is not clear how could one state and proof such a non-finiteness result without the logical
framework developed here.
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