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Abstract. We show that the expressiveness of Timed Propositional
Temporal Logic (TPTL) [1] with the since operator, coincides for the
pointwise and continuous semantics. We do this by first going over to an
equivalent first-order logic with linear constraints, interpreted over timed
words. We then show that the two semantics coincide for this first-order
logic, by translating every continuous FO formula to an equivalent point-
wise one.

1 Introduction

The Timed Temporal Logic (TPTL) of Alur and Henzinger [1] is a well-known
temporal logic for specifying real-time behaviors. The logic is interpreted over
timed words and extends classical LTL with the “freeze” quantifier x.6 which
binds z to the value of the current time point, along with the ability to constrain
these time points using linear constraints of the form = ~ y + c¢. For example the
formula z.(Cy.(a Ay = x + 2)) says that with respect to the current time point,
an action a occurs exactly two time units later. Another popular timed temporal
logic is Metric Temporal Logic (MTL) [2-4], which extends the U operator of
classical LTL with an interval index, to allow formulas of the form 0U;n which
says that w.r.t. the current time point, there is a future time point where 7 is
satisfied which lies at a distance that falls within the interval I, and at all time
points in between 6 is satisfied.

For both TPTL and MTL (as well as for other timed logics) there are two
natural ways to interpret these logics over timed words, namely the “pointwise”
and the “continuous” interpretations. In the pointwise semantics, formulas may
be asserted only at points where an action occurs (the so called “action points”),
while in the continuous semantics formulas may be asserted at arbitrary time
points. As an example, consider the timed word ¢ in which the first action
is an a at time 2, followed subsequently by only b’s. Then the TPTL formula
Ox.Qy.(aNy = x+1) is satisfied in o in the continuous semantics, but not in the
pointwise semantics, since there is no action point at time 1. It is not difficult to
see that for a typical timed temporal logic the continuous semantics is at least
as expressive as the pointwise one, since one can ask for a time point to be an
action point by asserting \/, .y, a at each quantified time point.



There have been several results in the literature which show that for the
logic MTL and its variants the continuous semantics is in fact strictly more
expressive than the pointwise one [5-7]. Thus the logics MTL, MTLg (MTL
with the “since” operator S), MTLg, (MTL with the S; operator), and MITL
(MTL restricted to non-singular intervals), are all strictly more expressive in the
continuous semantics than their pointwise counterparts.

In this paper we consider this issue for the logic TPTL and show that for the
logic extended with the S modality (which we denote by TPTLg), the expres-
siveness in the pointwise and continuous semantics coincide. In fact, we show
that the logic TPTLg corresponds to a natural first-order logic FO(< ;) which
is interpreted over timed words and allows constraints of the form = ~ y + ¢,
and that the pointwise and continuous semantics for this logic coincide. To the
best of our knowledge, this is the first instance of a real-time logic for which the
pointwise and continuous semantics have been shown to be equally expressive.

The main proof idea is to show that we can go from an arbitrary sentence in
FO(<4) to a sentence in FO(< ) which uses only “active” quantifiers. We say a
subformula of the form 3z is an actively quantified formula if ¢ is of the form
a(z) A1 for some action a and formula ; and say it is “passively” quantified
otherwise. A sentence in which all quantifiers are active, is clearly equivalent
to a pointwise formula. Thus, we show how to eliminate passively quantified
variables using only actively quantified ones. As an example, the formula Jz(1 <
x AJy(b(y) ANz + 1 < y)) has x passively quantified. We can eliminate x from it,
by giving the equivalent actively quantified formula Jy(b(y) A 2 < y).

Along the way we also exhibit a useful normal form for FO(<4) (and hence
also for TPTLg) sentences, in which all quantified subformulas are essentially of
the form Jz(a(z) Aw Av), where a is an action in X, 7 is a conjunction of linear
constraints, and v is a conjunction of formulas satisfying a similar restriction on
quantified subformulas.

2 Preliminaries

We begin with some preliminary definitions. Let R>( denote the set of non-
negative real numbers, QQ denote the set of rational numbers, and N denote the
set of non-negative integers. We use the standard notation to represent intervals,
which are convex subsets of R. For example [1, 00) denotes the set {t € R|1 < ¢}.

For an alphabet A we denote by A“ the set of infinite words over A. Let X' be
a finite alphabet of actions, which we fix for the rest of this paper. An (infinite)
timed word o over X' is an element of (X x Rx¢)“ of the form (ao,?0)(a1,t1)
-+ -, satisfying the conditions that: for each i € N, ¢; < ¢;41 (monotonicity), and
for each ¢ € Rxq there exists an ¢ € N such that ¢ < t; (progressiveness). For
convenience, we will also assume in this paper that t; = 0. We will sometimes
represent the timed word ¢ above as a pair («a,7), where a = apa;--- and
T = toty---. Thus a(i) and 7(i) denote the the action and the time stamp
respectively, in o at position i. We write TX“ to denote the set of all timed
words over .



We now introduce the linear constraints we use in this paper, and some nota-
tions for manipulating them. We assume a supply of variables Var = {z,y,...}
which we will use in constraints as well as later in our logics. We use restricted
linear constraints of the form x ~ y + ¢ or £ ~ ¢, where z and y are vari-
ables in Var, ~ is one of the relations {<, <,=,> >}, and ¢ is a rational con-
stant. We call these constraints simple constraints. In general, we will allow con-
straints to be boolean combinations of simple constraints given by the syntax
du=g|-d|dAd]| VI, where g is a simple constraint.

An interpretation for variables is a map I : Var — R. For t € R and = € Var
we will use I[t/x] to represent the interpretation which sends x to ¢, and agrees
with T on all other variables. When we are interested in a finite set of variables
{z1,...,2,} we will write [t1/x1,...,t,/2y] to represent an interpretation that
maps each x; to t;.

For an interpretation I and a constraint J, we write I |= 0 to mean that the
constraint § is satisfied in the interpretation I, and defined in the expected way.

Consider a conjunction of simple constraints 7 over the variables x,y1, ..., Yn,
such that x occurs in each of the constraints in 7. In such a case we will sometimes
write m as 7(z) to emphasize this fact. For an interpretation I for the variables
Y1, - - -, Yn, the set of values of x which satisfy 7 under the interpretation I, forms
an interval which we denote by I(m,z,I). Thus, I(m, z,I) is the set of all t € R
such that I[t/z] = 7. Let Lt,(m) be the conjunction of constraints which define
the “left boundary” of z, that is all constraints in 7 of the form e < x with <€ {<
,<}. Similarly let Rt, () denote the conjunction of constraints which define the
“right boundary” of x, namely all constraints of the form = < e in 7. Then, the
set of values for x which don’t satisfy the constraint 7(x) under the interpretation
I, are the set of values ¢ such that I[t/x] = =Lty (7w) V =Rty (w). Similarly, for
conjunctions of constraints 71(x) and mo(x), we have I &= Lt,(m) A =Lt (m2)
iff the left boundary of I(mw,x,I) begins before the left boundary of I(r,z,T).
Similarly, =Lt (w1 ) A =Rt (m2) says that the left boundary of m; begins after
the right boundary of 7.

As a final piece of notation, we recall the well-known Fourier-Motzkin method
(see [8]) for eliminating variables from constraints. Consider a conjunction of
simple constraints 7. The constraints in m can be written as:

e, <z (t=1,...,mq)
z <e (j=mi+1,...,ma)
er < fr (k=ma+1,...,m3),

for some my,ma,m3 > 0 (we consider the case when 7 has strict constraints
later).

The first two rows of constraints above are equivalent to:

max e; <z < min ej. (1)
1<i<ma mi1+1<5j<mao



The variable 2 can be eliminated using (mj; X (mg —mq)) + (ms — msg) simple
constraints which do not contain z:

€i§ej (i:17"'7m1;j:m1+17"'7m2) (2)
er < fr (k=mao+1,...,m3). (3)

We denote the conjunction of the constraints above by FME, (7). The con-
straint FME, (7) preserves the solution set of 7 in that it is the projection of the
solution set of 7 to the variables in 7 other than x. More precisely, if z,y1,...,yn
were the variables in 7, then [t1/y1, . .., tn/yn] is a solution for FME, () iff there
exists t € R such that [t/x,t1/y1,...,tn/yn] is a solution to 7.

The method can be extended to the case when some of the constraints are
strict, by writing e; < e; in (2) above whenever at least one of the i-th or j-th
constraints is strict, and e; < e; otherwise.

3 The logics TPTLgs and FO

We recall the definition of Timed Propositional Temporal Logic from [1]. We use
the version of the logic with the “since” operator S, and denote this logic by
TPTLg. The formulas of TPTLg over the alphabet X', are defined as follows:

Ou=alg|-0|©OAN0)|©OVO)]|©OU) | (6S6) |0

where a € X, z is a variable in Var, and g is a simple constraint.

We first define the pointwise semantics for TPTLg. Let 6 be a TPTLg for-
mula. Let ¢ = (a,7) be a timed word over X, let ¢ € N, and let I be an
interpretation for variables. Then the satisfaction relation o,4,I [=p, 6, (read
“o satisfies the formula 6 at position ¢ in the interpretation I in the pointwise
semantics”) is inductively defined as:

0,4, 1 =pw a iff a(i)=a

0,41 Epw g iff TEg

0,5, Epy 20 iff 0,4,1 . 0

0,4, Epw 0 AN iff 0,4,1 =, 0 and 0,4, 1 Epy

0,4, Epw 0V iff 0,4,1 |y 0 or 0,41 Epn

0,4, 1 =py OUn iff 3k : k> i such that o,k,I =, n and
Viti<j<k:0,5,1FEp0

0,4, Epy 0Sn iff 3k: 0 <k <isuch that o,k,I |=p, n and
Vitk<j<i,oglEpb

0,5, Epy x.0  iff 0,4,1[7(i)/x] Epw 0

A TPTLg formula is “closed” if every occurrence of a variable z is within
the scope of a freeze quantifier “x.”. If a formula @ is closed, the interpretation
for variables plays no role in the satisfaction relation, and we say o |=py 6 if
0,0 =pw 0. We define the timed language defined by a closed formula 6 in the
pointwise semantics to be LP¥(0) = {o € TEX¥ | 0 |=py 0}. If a TPTLg formula
is interpreted in the pointwise semantics, we call it a TPTLE" formula.



We now define the continuous semantics for TPTLg. Let ¢ = (a,7) be
a timed word over X, t € R>og and I be an interpretation for variables. The
satisfaction relation o,¢,1 =, 6 (read “o satisfies the formula 6 at time ¢ in the
interpretation I in the continuous semantics”) is inductively defined as:

o t,lEca iff 3i:a(i)=aand (i) =t

otlEcg if TEg

ot, I iff o,t,1F.n

ot IE.0An iff 0,t,1.0and 0,t,1 .7

o t,IE.0Vvn iff ot,TE.0o0rot,lE.7n

o, t,1 E.0Un iff 3’ : t' >t such that o,t',1 =, n and
Yt <t <t ot 1=, 0

o,t, 1. 05y iff 3t': 0 <+t <tsuchthat o,t',1 . n and
Wt <t <t ot T =, 0

o t, I Ecxn iff o,t,1[t/x] Ecn

The timed language defined by a closed TPTLg formula 6 in the continuous
semantics is given by L¢(0) = {o € TX¥ | 0,0 |=. 0}. When a TPTLg formula
is interpreted in the continuous semantics, we call it a TPTLS formula.

We use the standard syntactic abbreviations of ¢, <, 0 and & for temporal
logic, defined in a way that they are “reflexive”. Thus, we define ¢80 = 6V (TUSH),
Q0 =0V (TSH), 00 = -O—0, H = -6,

We note that in the logic TPTLg, it is possible to express both U and S
operators using < and ¢ operators in both the continuous and pointwise seman-

tics.
0Un =z.0y.nAx<yABz(z<zAz<y=10)

0Sn =z 0y nMAy<zAOz.(z<zAy<z=0)).

We now introduce our first order logic with simple constraints FO(< ), which
is interpreted over timed words over the alphabet X. The formulas of FO(< )
are given by:

pu=a@)gl-e|ene)|(pVe)|3ep,
where a € X, x € Var, and g is a simple constraint.

We now define the continuous semantics for FO(< ). Let ¢ be a formula in
FO(<4). Let 0 = (o, 7) be the timed word over X, and let I be an interpretation
for variables. Then the satisfaction relation 0,1 |=. ¢ (read “o satisfies ¢ in the
interpretation I in the continuous semantics”) is inductively defined as:

o, lEca(z) iff 3i:a(i)=aand 7(¢) =I(z)

o lkcy iff Ty

ol=.~v iff o, T}cv

olE.vAy it olE.vand o1, ¢
olE.vvy iff olk.vorollE. ¢

o, 1. 3ev i 3t:¢ € Rxp such that o,I[t/z] =, v.

A variable z is said to occur free in a formula ¢ if it is occurs outside the
scope of a quantifier 3x. A sentence is a formula in which there are no free



occurrences of variables. Again, the satisfaction of a sentence is independent of
an interpretation for variables.

The timed language defined by an FO(<y) sentence ¢ in the continuous
semantics is given by L¢(p) = {0 € TX¥ | 0 = ¢}. We denote this continuous
version of the logic by FO°(<4).

We can similarly define the pointwise version of the logic FO(< ), where the
quantification is over action points in the timed word. The satisfaction relation
0,1 Epw @, read “o satisfies ¢ in the interpretation I in the pointwise semantics”,
is defined as above, except for the 3 clause which is interpreted as follows:

0,1 Epo Jav iff Jie N: 0,1[r(i)/z] Epu v.

The timed language defined by a sentence ¢ in the pointwise semantics is
given by LP¥(p) = {0 € TX¥ | 0 [=pw ¢}. We denote the pointwise version of
the logic by FOPY(<).

4 A normal form for FO sentences

In this section we exhibit a normal form for FO(<4) sentences which will be
useful in our proofs. We begin with a normal form for formulas of the form Jxe.
An FO(<4) formula is said to be in 3-normal form if it is of the form simple
constraints each containing x, and v is a conjunction of formulas of the form
or ), where each

Jz(a(z) A7m(z) Av),

where a € X 7(z) is a conjunction of is again in 3-normal form. In addition, we
allow any of the components a(z) and v to be absent.

Theorem 1. Any FO(<4) sentence can be written as a boolean combination of
sentences which are in 3-normal form.

Proof. Let ¢ be an FO(< ) sentence. We transform ¢ into an equivalent sentence
in normal form (i.e. a boolean combination of sentences in 3-normal form), by
repeatedly transforming the formula tree of .

Since ¢ is a sentence it must be a boolean combination of sentences of the
form Jx¢’. We now carry out the following steps to translate ¢ into normal form.

1. In every subtree rooted at an 3 node, in the formula tree of ¢, push every
— operator downwards over V, A, and all the way through g nodes, till it
reaches an 3 node or an a (action) node. After this step, the subtree below
every 3 node contains only conjunctions and disjunctions of a, —a, 3, -3,
and g nodes.

2. For convenience, in this step we will consider —3 as a single composite node

in the formula tree.
Pull all the V’s upwards in the resulting formula tree for ¢. using the following
identities: 1 A (1o V) = (11 Ave) V(11 Avg), Jx (v Vir) = (Fzvy) V (3ave)
and —3z(v1 Vo) = (-3z(v1)) A(—3x(v2)). After this step, the subtree rooted
at each d node or -3 node contains only conjunctions of a, —a, 3, =3, and
g nodes.



3. In this step we push out from a subtree rooted at an 3z node, all nodes which
are independent of x, namely nodes of the form b(y), —b(y) (with y # x),
and g where g does not contain x. Those can be pushed up in the tree using
following relations (we again treat =3 nodes as a single composite node):
Jz(b(y) Av) = b(y) AJz(v) and —3x(b(y) Av) = —b(y) V -3z (v). We can use
similar relations for —b(y) and g to move them up the tree. Move all newly
generated V’s up the tree using step (2).

After this step, the subtrees rooted at each 3z node is a conjunction of a(x),
—a(x), 3, -3 and g(z) nodes.

4. We now update the formula tree with the following relations: a(z) Ab(x) =L
and a(x) A =b(x) = a(x). After this step, the only action-related nodes in a
subtree rooted at a 3z node are a single action node a(x) or a conjunction
of negation of actions A, ., —a(z).

5. We can now replace formulas of the form A, ., —a(z) by a disjunction of
formulas which contain at most one action, as described below. We then
push the newly generated V nodes up the tree using step (2). After this step,
the subtree rooted at every Jx node contains only conjunctions of a(z), 3,
-3 and g(z) nodes. We can collect the g(z) nodes together to get a single
conjunction of constraints 7(x). Thus finally each 3 node is in 3-normal form.

To see how we can replace formulas of the form A, ., —a(z) by a disjunction
of formulas in 3-normal form, consider a formula ¢ of the form Jz(A . 4, —a(x) A
m(x) Av). Let A(x) be shorthand for the formula \/, 4 a(z).

—_— T — j{
,,,,,,,,,, | e =
} e — { A ——
a a a a a a a
Fig. 1 Fig. 2
9] Ly Ty
| el et Al | o @ - —= F---
. S G —— S S  E—
a a a a a a
Fig. 3 Fig. 4.

We replace ¢ by disjunction of 1, ¥, 13,14 which are defined as follows:

1. If an action A(x) did not occur anywhere in the interval I(m, z,I), then ¢ is
satisfied if v is satisfied for any x € I(m,x,1). (See Fig(1)).
Y1 = ~(Fz(A(z) Aw(x)) AJz(n(z) A v).

2. If an action A(z) first occurred in I(m,z,I) at x,, then ¢ is satisfied, if v is
satisfied for any « € I(7w Az < z,,,I). (See Fig(2)).
Vo = Jprartr(Alzy) AJz(n(z) Az <zp A V),
where () = (e A =(F2' (@ N2 < x))).

3. If an action A(z) occurred consecutively at x; and at z, in the interval
I(m,x,1), then ¢ is satisfied if v is satisfied for any x € I(r Ax; < x Az <



Zr, x,1).(See Fig(3)).
Y3 = Fz(A(z) A Tnewtxr(A(zr) Adx(n(z) Nx <z Axp <z A V),
where Jpepz(p) = Jz(p Az <z A-Fx' (p Az < 2’ Aa! < x))).

4. If an action A(x) last occurred last in I(mw,z, 1) at x;, then ¢ is satisfied, if
v is satisfied for any x € I(m Ax; < z,z,1). (See Fig(4)).
Ya = Jigstvi(Azy) AJx(m(x) Aayp <z A v)),
where J,5:2(9) = Jx( A =(F2' (0 Az < 2'))).

It is easy to show that, for a timed word o, o |=. @ iff for one of the ¢, o =, ¥;
O

5 Equivalence of FO and TPTLg

We can now argue that the logics TPTLg and FO(<) are expressively equiva-
lent in the continuous as well as pointwise semantics.

For a closed formula 6 in TPTLS we show how to give a formula tptl-fo(6)
in FO°(<4), which has a single free variable z, such that for any timed word o,
o,t . 0 if and only if o, [t/z] . tpti-fo(#). The translation tptl-fo is defined
inductively on the structure of 8 as follows:

tptl-fo(a) = a(2)

tptl-fo(my < ma) = m < Mo

tptl-fo(—0") = —tptl-fo(0")

tptl-fo(01 A 02)) = tptl-fo(01) A tptl-fo(h2)
tptl-fo(Cy.(0")) = Fy(y >z A tptl-fo(0'[y/x]))
tptl-fo(©y.(0")) = Fy(y < z A tptl-fo(0'[y/x]))

Now we can translate a closed formula 6 in TPTLS to the FO°(< ) sentence
v = 3z(z = 0 A tptl-fo(0)), so that we have L¢(0) = L¢(p).

In the other direction, we translate an FO°(< ) sentence ¢, to an equivalent
closed TPTLS formula fo-tptl(y) as follows. We first transform ¢ into its normal
form as given in Theorem(1). The translation fo-tptl is defined inductively in a
similar manner to tptl-fo above, with the 3 subformulas being translated via the
rule:

fo-tptl(Bx(a(x) A mw(x) Av)) = Ox.(a Aw(x) A fo-tptl(v))V
Swx.(a Am(x) A fo-tptl(v)).

It is easy to see that L¢(¢) = L¢(fo-tpti(y)).

Thus we can say that the logics TPTLG and FO°(< ) are expressively equiv-
alent.

The translations above are also applicable for the pointwise semantics, and
hence we can conclude similarly that the logics TPTLEY and FOP¥ (<) are
expressively equivalent.



6 Equivalence of FO° and FO?" semantics

In this section our aim is to show that the logics FO?* (<) and FO°(<) are
expressively equivalent. It is easy to translate an FOP" (<) sentence ¢ to an
equivalent FO°(<) sentence by simply replacing every Jz¢’ subformula, by
3z (V,ex a(z) A @), where " is obtained by similarly replacing 3 subformulas
in .

In the converse direction, let us call an FO°(< ) formula ¢ actively quantified
(or simply active) if every 3 subformula is of the form Jz(a(x) A ¢’), for some
action a € X and formula ¢’. Then, an active FO°(<4) formula clearly defines
the same language of timed words, regardless of the semantics being pointwise
or continuous. Hence, our aim in the rest of this section is to show how we can
go from an arbitrary formula in FO°(<4) to an equivalent active formula.

An arbitrary formula in the continuous semantics has the obvious advantage
of being able to associate any value in R>( to its variables, whereas an actively
quantified variable can be asserted only at the action points in a timed word.
For e.g., consider the language of all timed strings over a and b, where for every
b in the interval [1,2], there is an a in [0,1] which is exactly at a distance of one
time unit from that of the b. This can be written easily in FO¢, as shown below:

—Jz((ma(z) ANO<z Az <1AJybly) Ay=z+1)) (4)

But if we restrict « to be actively quantified, then the above formula does
not recognize the same language. This formula is not in the J-normal form
and the normalization of this formula yields a disjunction of four formulas
Y1, 2,3, 14, where z is the only variable which is passively quantified. If we
can eliminate = from 1, ¥, Y3, 14, without introducing any new passively quan-
tified variables, the disjunction of these actively quantified formulas recognizes
the required language. The subformula involving = in each of ¥;-s looks like
Jx(n(z) A Jylbly) ANy = = + 1)). In the latter part of the current section,
we prove that, it is possible to remove z from such formulas using the Fourier-
Motzkin variable elimination method.

Consider another example where z is passively quantified.

IO <zAz<1ATFylay)Az+1<yAy<z+12)). (5)

The above formula is true, iff there is a point in [0,1], from which there is an
action a at a distance which lies in [1,1.2]. Equivalently, (5) is true iff there is
an action a in the interval [1,2.2]. So the equivalent active formula is:

Fylaly) N1 <yAy <22). (6)
As an another example, consider the following modified formulas:
(0 <zAz<IA-Tylaly) Ae+1<yAy<z+1.2)) (7)

To eliminate the passively quantified variable x from this formula, first con-
sider “all” intervals of x in [0,1] which satisfy (6) in the given model (the brack-
eted region in the Fig. 5.). (7) is true iff there are some “gaps” where formula
(5) is not satisfied. There can be the following four types of gaps.
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Wl(x)\l/ a(y1)
L 3 31 '
0 ] 72 (2) a(i)
Fig. 5.

. No «z satisfies (6), so whole of [0,1] is a gap.

. Gap from 0 to the beginning of the first interval of z satisfying (6).
. Gap between two consecutive intervals of z satisfying formula (6).

. Gap from the end of the last interval of x satisfying (6) to 1.

W N

The formula (7) can be satisfied iff any of the above gaps exist. In the next
section, we prove that it is possible to identify those gaps using the syntax of
FOC(<+).

Before going to the proof, we shall see some of the definitions here. Quanti-
fier depth of any FO formula is the maximum depth of quantifier operators in
that formula. A quantified variable z in a FO® formula is said to be positively
quantified if it is not under the scope of any of the — operators. For example,
in the formula Jz(7w(x) A =3y(3z(a(z)))), only x is positively quantified. If ¢
is satisfied for timed word o with the interpretation I, then the witness of the
satisfied formula ¢ is the set of values of all positively quantified variables of ¢

ino,1E .

Theorem 2. Let U be an active formula which is the conjunction of formulas
in the 3-normal form or in negated 3-normal form. It is possible to eliminate x
from the formula ¢ = 3x(m AD) to get an equivalent formula \/,(Li;), where each
Wi is active and independent of x. Further, we can give a constraint m;(x) for
each of the [i;’s containing free variables and positively quantified variables of fi;
such that:

(a) If o,1[t/z] = 7w AD, then Fi : 0,1 | ; and further, if t1,...,t; are the
witnesses for the positively quantified variables y1,...,yx in 0,1 = [i;, then
te I(m,z, t1/y1, - te/yk)). d.e., Lt/x, t1/y1, .. te/yk) E T

(b) If 0,1 = f1; for somei and ty, ..., t) are the witnesses of the positively quanti-
fied variables y1, . .., yi in 0,1 = fi;, then for any t € I(m, x,1[t1/y1, .-, tk/yx])
i.e, It/x,t1/y1, .-t /yk) = i, we have o,1[t/x] = m AD.

Proof. Intuitively, first part of the theorem statement, claim the existence of
equivalent active formulas and (a) and (b) says that the union of all the intervals
corresponding to all ;s exactly characterize all the possible values of x satisfying
.
We prove this by induction on the quantifier depth of the formula v. Let d
be the quantifier depth of .
For the base case of the induction, consider d = 0. ¢ is of the form Jz(r).
x can be eliminated from this formula using Fourier-Motzkin Elimination to get
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an equivalent formula {7 which is a boolean combination of simple constraints
and does not contain x. The constraint will be 7 itself, (a) if 0,I[t/z] = 7 then
t € I(m,z,1) and (b) for every t € I(m,,1), o,1[t/x] = .

To prove for the formula 7 having depth d, consider ¢ = Jz(w A V), where U
is of the form 7; A ... AU, where each 7; is in 3-normal form or in the negated
F-normal form. By induction hypothesis, Each U; has quantifier depth of at most
d and are active.

First we consider the case when n = 1. ¢ is either in the form Jz(mw A 12) or
in the form 3z(m A —1b) where ¢ = Jy(a(y) A 7' A D).

Case ¢ = Jz(m A 12)\) = (7w A Jy(a(y) A 7" AD)): This formula is equivalent
to Jy(a(y) A Jx(m A «’ A D)). Since, 7 has quantifier depth strictly less than
d, by induction hypothesis, Jx(m A 7’ A V) can be translated to V;(ji;) with
corresponding constraints 7;. The final formula is, Jy(a(y) A (V4(f}))), which is
equivalent to V;(Jy(a(y) A fi5)). Let 1; = Jy(aly) A ii;). Now, we prove that, =,
is the constraint for fi; as well.

Suppose (a) o,I[t/z] = 7 A ¥ and the value of positively quantified variable
y be t1. This implies that o,I[t/x,t1/y] = © A7’ AU. By induction hypothesis,
for some 4, o,I[t1/y] = 1} and t € I(w}, z,[[t1/y]). At y = t1, a(t1) is satisfied,
which implies, fi; is also satisfied at y = ¢; and ¢ € I(n}, z,I).

Suppose (b) 0,1 = fi; with witness y takes value ¢}, then, o,I[t} /y] = 1i;. By
induction hypothesis, for every t € I(n}, x, I[t] /y]), o, 1[t/x,t} /y] |E Jx(w AT AD).
Since at y = t1, a(ty) is satisfied, 0,1 |= 1.

Case ¢ = Jz(r A=) = Jz(r A—-Jy(a(y) Am’ AD)): Let ¢ = Jz(r Av)) which
falls into the previous case and z can be eliminated from v/’ to give an equivalent
formula V;(jz;) and respective constraint m; for each i. Let i} be the formula
obtained by replicating formula fi;, but renaming every positively quantified
variable y of fi; by 4. If 41, ...y, are the positively quantified variables of i,
wh= Wiy /y1s - -yl /yn). If m; is the constraint of fi;, then =} is the constraint of
fi;, obtained by renaming positively quantified variables in ;. Finally, if 0,1 |= i;
and t1,...,t, are the witnesses for the positively quantified variables y1,...,yn
in 0,1 = [i;, we abbreviate I(m;, x,I[t1/y1, ..., tn/yn]) with I(m;, x,1;).

Before continuing with the proof, we introduce a new operator A. ¢1 A @
will rearrange the brackets of ¢; such that, every positively quantified variable
of o1 is in the scope of @s. For example, Jy(a(y) Ay =+ 1) AJz(a(z) A z =
y+1)=ylaly) Ny=az+1A3z(a(z) ANz=y+1))).

We prove that, 1 is equivalent to the disjunction of following formulas:

FME, () /\ ~i;. (8)

No where in I(m, z,1), ¢’ is satisfied. So, ¢ is satisfied for any ¢ € I(m, z,1).
Constraint is : 7 itself.
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\/(ﬁiKFMEI(Lt( )ALt (mi)A N\ = (u;-KFMEz(Ltz(ﬁ;)/\ﬂth(m)))).

j

(9)

0,1 &= p; and I(m;, x,1;) begins after the beginning of I(m,x,I). Further, it

is the first interval, i.e., for none of the j/, 0,1 = [ /LJ and I(7}, x,1;) begins
before I(m;, z,1;). Constralnt for each formula(é) is : Lt (m) A ﬂLt (7).

i

\/ \/ <ﬁ1 Aty AFMEg (- Rt (1) A =Lty (m5))A
A\ ﬁ(ﬁ; AFME, (Lty(m),) A Rty(m;)) A FMEg(— Rty (m;) A Rty (wé))) A
k

A\ ﬁ(ﬁ; AFME, (Lt (m]) A =Lt (7)) A FME (=Lt (7;) A Lt )
l
(10)

0,1 = [i; and 0,1 = [i; for some 4,5 and I(m;,z,1;) begins after the ending
of I(m;,x,1;). Further, for none of the k', 0,1 = fj, and I(n,, z,1},) begins
before and ends after the ending of I(m;, z,I;) and for none of the I, 0,1 = 1]
and I (], z,1}) begins after the ending of I(m;, z,1;) and before the beginning
of I(mj,x,1;). Constraint for each formula(s, j) is : “ Rt (m;) A 7Lty (m;).

\/ (ﬁiKFMEz(ﬁRt (1) AR /\ ( AFME, ( Rtr(w;)/\ﬂRtr(m)))).
(11)
0,1 | f; and I(m;,x,1;) ends before the ending of I(m,z,T). Further, it is
the last interval, i.e., for none of the j', 0,1 = it and I(7}, x,1;/) ends after
I(m;,x,1;). Constralnt for each formula(é) is Rt (m) A —|Rt (73).

To prove the equivalence, we show that, if v is satisfied at x = ¢, then,
one of the equations (8), (9), (10), (11) will be satisfied and ¢ belongs to the
corresponding interval. Conversely, if any of the four equations are satisfied,
then, every ¢’ in the corresponding interval, will satisfy .

To prove implication of forward direction, suppose o, I[t/z] = 9. Find the
point ; which is immediately to the left of ¢ and ¢, which is immediately to
the right of ¢, such that, o,1[t;/2] | ¢ and o,1[t./z] = ¢'. If we can not find
both ¢; and ¢, (see Fig.(6)), then o,I[t'/z] = -’ for every t' € I(m,z,]). Since
t € I(m,x,0), I(m,2,1) is not empty, o,1 E FME, (7). This implies (8) is true.

If we can find only ¢,, then for some i, 0,1 |= fi; and ¢, € I(m;, x,1;). Further,
t, must be its left most boundary as there is no ¢, € I(m,z,I) and ¢, < ¢, and
o, 1t /x] = ¢ (if not, that must be the immediate right point of ¢. See Fig.(7)).
This implies, (9) must be true, as there is no such interval to the left of ¢ such



13

Vs
T / - \
/ \ L - '3 | -
[ . £ I I Iy B B
t t i,
Fig. 6. Fig. 7.
v Uy T
N e RPN iliea il B L = e o | -
[ N D C Jr % L I ] [ L
tit t, t, t
Fig. 8. Fig. 9.

that, 0,1 = ﬁ; t is in the interval spanning from the left boundary of 7w to x,.
This implies t € I(Lt,(7) A =Lty (m;), x, ;).

If we can find both ¢; and ¢,, then for some i, 0,1 = [; and for some j,
0,1 |= ;. Further, t; € I(m,x,1;) and ¢; is the right most boundary of this
interval, t, € I(mj,x,I;) and ¢, is the left most boundary of this interval (See
Fig.(8)). This implies, (10) must be true, as there is no such interval to the left
of t such that, 0,1 = {1}, and no interval to the right of ¢ such that, o,I |= f1]. ¢
is in the interval (¢;,t,). This implies ¢ € I(—=Rt,(m;) A ~ Lty (7;), z, L ;).

If we can find only ¢;, then for some i, 0,1 = fi; and ¢; € I(m;, x,1;) and ¢; must
be its left most boundary. (See Fig.(7)). This implies, (9) must be true, as there is
no such interval to the right of ¢ such that, 0,1 |= ﬁ; t is in the interval spanning
from x; to the right boundary of 7. This implies ¢ € I(—Rt,(m;) A Rt (7), z,1;).

To prove the implication of reverse direction, suppose (8) is true, then for
every t' € I(m,z,1), o, 1]t /z] = 7 A —).

If (9) is true, consider any t' € I(Lty(m) A Lty (m;),x,1;) (interval is non
empty since FME, (Lt, () A Lty (m;)) is true). ¢ is false at = ¢/, or else 1
will be true at ¢/, which is a contradiction. This implies, o, I[t' /2] = 7 A ).

If (10) is true, consider any t' € I(—=Rty(m;) A—Lty(m;), x, L ;) (interval is non
empty since FME; (Rt (m;) ALty (7;)) is true). ¥ is false at 2 = ¢/, or else .
or /1; will be true at ¢/, which is a contradiction. This implies, o, I[t' /z] = 7T/\—\’IZ)\ .

If (11) is true, consider any ¢’ € I(=Rt.(m;) A Rt(r),x,1;), which is non
empty. ¢ is false at @ = #/, or else f2; will be true at ', which is a contradiction.
This implies, o, [[t'/z] = m A —9.

Now consider formulas of the form v = Jz(m A U1 A U2). We prove that,
Je(r AL ATR) =V, (;’Zl A Jx(m; A DQ)) where, ; and m; are obtained by
eliminating « from the formula 3z (7 A 7y).

If z = t satisfies L.H.S., then it should satisfy © A 7y, which implies f; is
satisfied and ¢t € I(m;, z,1;) for some 4. Since ¢ must also satisfy Uy as well, ¢ will
satisfy R.H.S.

If x = ¢ satisfies R.H.S., then t € I(m;, z,1;), it will satisfy 7 A 71. But ¢ also
satisfies 7o which implies it will satisfy L.H.S.
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We need to eliminate « from \/, (ﬁl A Jx(m; /\ﬁg)). (we assume each disjunct

to be in F-normal form. If it is not in that form, we need to normalize it).
Consider 3z (m; A V2), which can be translated to disjunction of active formulas
[ with corresponding 7. So

v=\ V@)

We claim that, 7’ is the constraint for each of 1i; Afr;. Suppose o, I[t/x] |= m AV A
Uy. This implies, o, I[t/x] = wADy. Implies 0,1 |= fi; for some i and ¢ € I(m;, x,L;).
We also know that, o,1[t/x] = V2. Combining these two, o,L;[t/x] & m; A V2.
This implies, 0,1 = ﬁ; for some j’ and t € I(w;-, x,1;/). This implies, fi; A ﬁ; is
satisfied and ¢t is in the interval corresponding to 7.

To show in the converse direction, if 0,1 = fi; A 117, then we need to show
that, for every t € I(m}, x,1; j), o, I[t/z] =7 AL A Da.
We know that, 0,1, = ﬁ;
=, for every ¢ such that I[t/z,t1/y1,. .., tp/yp, t1/y1,-- - ty/yy] | 7 then
o Ilt/z, t1/yr, ..., tp/yp] = T A Do
= o,l[t/x] E V2 and [[t/x,t1 /21, .. . te/2n] E .
= o,[[t/x] = 7 ADy. Combining these two, o,l[t/z] = 7 ATy A Da.

It is possible to extend this to any number of disjuncts 7; in ). a

Theorem 3. [t is possible to translate any FOC formula to an equivalent formula
which when evaluated in pointwise semantics, will accept the same language.

Proof. 1f we can express every FO° formula by an equivalent active FO formula,
the theorem is proved. Any FO® formula ¢, can be written as a boolean combi-
nation of F-normal form formulas. Since translation is intact across the boolean
operations, it is sufficient if we can eliminate all the passive variables from formu-
las in 3-normal form. Consider the formula tree of a formula in 3-normal form.
Identify those nodes which are passive and having only active nodes as ancestors.
It is easy to see that, if we can eliminate passively quantified variables from each
of these trees rooted at these nodes, translation is complete. Now consider any
specific node(N), which is of the form ¢ = Jz(n(x) A \,<, vi)-

We argue that it is possible to convert any passively quantified formula of
the form ¢, into an equivalent formula with finite disjunction of active formulas.
We prove this based on induction on number of passive variables n in the tree
rooted under NN.

As a base case, if n = 1, the passive variable must be x itself and by
Theorem(2), we can convert this formula into an equivalent formula which is
a finite disjunction of active formulas. By induction, it is possible to convert any
formula with n < r passive variables into an equivalent formula with finite dis-
junction of active formulas. Consider ¢ with n = r number of passive variables.
Since z itself is a passive variable, each of the v;’s will have utmost r — 1 passive
variables. But by induction each v; can be expressed as finite disjunction of f1;’s
(1 < j < wu), which are active formulas. Since there are finitely many v;’s, ¢ will
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be of the form,

\/ Elx(ﬂ'(a:) /\ﬁi,j) (12)

i<t,j<u

Since each of the disjunct is in 3-normal form, and only « is the passive variable,
using Theorem(2), we can translate (12), to disjunction of active formulas. O

We give an example to demonstrate the translation of a passively quantified
formula to actively quantified form. Consider the language consisting of all timed
words such that, there exists an a at one unit from some point in [0,1].

(0 <zAx<1IA@Qylaly) hy=xz+1)
=Jy(a(y) N\FME,(0 <z Ay<z+1Az<1Az<y+1))
=Jyla(y) N1 <yAny<2)
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