Mathematical Foundations of Computer Science 2003, 28th International Symposium
Proceedings: Branislav Rovan, Peter Vojtas (eds.)
Springer Lecture Notes in Computer Science 2747 (2003), 429-438.

Local LTL with past constants is expressively
complete for Mazurkiewicz traces*

Paul Gastin', Madhavan Mukund?, and K. Narayan Kumar?

L LIAFA, Université Paris 7, 2, place Jussieu, F-75251 Paris Cedex 05
Paul.Gastin@liafa. jussieu.fr
2 Chennai Mathematical Institute, 92 G N Chetty Road, Chennai 600 017, India
{madhavan,kumar}@cmi.ac.in

Abstract. To obtain an expressively complete linear-time temporal logic
(LTL) over Mazurkiewicz traces that is computationally tractable, we
need to intepret formulas locally, at individual events in a trace, rather
than globally, at configurations. Such local logics necessarily require past
modalities, in contrast to the classical setting of LTL over sequences.
Earlier attempts at defining expressively complete local logics have used
very general past modalities as well as filters (side-conditions) that “look
sideways” and talk of concurrent events. In this paper, we show that it
is possible to use unfiltered future modalities in conjunction with past
constants and still obtain a logic that is expressively complete over traces.
Keywords Temporal logics, Mazurkiewicz traces, concurrency

1 Introduction

Linear-time temporal logic (LTL) [17] has established itself as a useful formalism
for specifying the interleaved behaviour of reactive systems. To combat the com-
binatorial blow-up involved in describing computations of concurrent systems in
terms of interleavings, there has been a lot of interest in using temporal logic
more directly on labelled partial orders.

Mazurkiewicz traces [13] are labelled partial orders generated by dependence
alphabets of the form (X, D), where D is a dependence relation over X. If (a,b) ¢
D, a and b are deemed to be independent actions that may occur concurrently.
Traces are a natural formalism for describing the behaviour of static networks
of communicating finite-state agents [24].

LTL over X-labelled sequences is equivalent to FO (<), the first-order logic
over Y-labelled linear orders [12] and thus defines the class of aperiodic languages
over Y. Though FOyx (<) permits assertions about both the past and the future,
future modalities suffice for establishing the expressive completeness of LTL with
respect to FOx (<) [8]. From a practical point of view, a finite-state program
may be checked against an LTL specification relatively efficiently.

* Partial support of CEFIPRA-IFCPAR Project 2102-1 (ACSMV) is gratefully ac-
knowledged.
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The first expressively complete temporal logic over traces was described in
[6] for finite traces and in [19] for infinite traces. The result was refined in [4] to
show expressive completeness without past modalities, using an extension of the
proof technique developed for LTL in [23]. Formulas in both these logics are de-
fined at global configurations (maximal antichains). Unfortunately, reasoning at
the level of global configurations makes the complexity of deciding satisfiability
non-elementary [21]. Computational tractability seems to require interpreting
formulas at local states—effectively at individual events.

Recently, in [10], a local temporal logic has been defined over traces and
shown to be expressively complete and tractable (the satisfiability problem is in
PspacE). This logic uses both future and past modalities (similar to the until and
since operators of LTL) which are further equipped with filters (side-conditions).
It was also shown that for finite traces, a restricted form of past modalities
suffices, but only in conjunction with filtered future modalities. Another proposal
is presented in [1] and this logic also uses the since operator.

LTL without any past operators is expressively complete over words but this
cannot be the case for traces: there exist two first-order inequivalent traces that
cannot be distinguished using only future modalities [22].

In this paper, we show that a very limited ability to talk about the past is
sufficient to obtain expressive completeness over traces. Our logic uses unfiltered
future modalities and a finite number of past constants. (In particular, there is
no nesting of past operators and for that matter even future formulas cannot
be nested into past formulas.) As in [3, 4, 10], we show expressive completeness
using an extension to traces of the proof technique introduced in [23] for LTL
over sequences. From the recent general result proved in [9], it follows that the
satisfiability problem for this new logic is also in PSPACE.

The paper is organized as follows. We begin with some preliminaries about
traces. In Section 3 we define our new temporal logic. Section 4 describes a
syntactic partition of traces that is used in Section 5 to establish expressive
completeness. Many proofs have had to be omitted in this extended abstract. A
full version of the paper is available in [11].

2 Preliminaries

We briefly recall some notions about Mazurkiewicz traces (see [5] for back-
ground). A dependence alphabet is a pair (X, D) where the alphabet X' is a finite
set of actions and the dependence relation D C X x X is reflexive and symmetric.
The independence relation I is the complement of D. For A C X, the set of letters
independent of A is denoted by I(A) = {b € X' | (a,b) € I for all a € A} and the
set of letters depending on (some action in) A is denoted by D(A) = X'\ I(A).

A Mazurkiewicz trace is a labelled partial order t = [V, <, \] where V is a set
of vertices labelled by A : V' — X and < is a partial order over V satisfying the
following conditions: For all € V, the downward set |z ={y € V |y <z} is
finite, (A(z), A(y)) € D impliesx < yory < z, and <y implies (A(z), A\(y)) € D,
where < = <\ <2 is the immediate successor relation in t.
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The alphabet of a trace t is the set alph(t) = A(V) C X' and its alphabet at
infinity, alphinf(t), is the set of letters occurring infinitely often in ¢. The set of
all traces is denoted by R(X, D) or simply by R. A trace t is called finite if V
is finite. For t = [V, <, ] € R, we define min(t) C V as the set of all minimal
vertices of t. We can also read min(t) C X as the set of labels of the minimal
vertices of ¢. It will be clear from the context what we actually mean.

Let t; = [V1,<1,A1] and ¢3 = [V, <s,A2] be a pair of traces such that
alphinf(¢;) x alph(ty) C I. We then define the concatenation of ¢; and ¢2 to be
ty -ty = [V, <, A] where V = V; UV, (assuming wlog that VNV, = 0), A = AU
and < is the transitive closure of the relation <; U <5 U (Vi x Vo N A7Y(D)).
The set of finite traces is then a monoid, denoted M(X, D) or simply M, with
the empty trace 1 = (0,0, 0) as unit.

Here is some useful notation for subclasses of traces. For C C ¥ let R =
{t € R | alph(z) C C} and Mc = M N R¢. Also, (alph = C) = {t € R |
alph(t) = C}, (alphinf = C) = {t € R | alphinf(¢t) = C} and (min = C) = {t €
R | min(t) = C}. For A,C C X, we set RA = R¢ N (alphinf = A). Observe that
M =R,

The first order theory of traces FOx (<) is given by the syntax:

pu=P(x) |z <y|-¢]|pVel|Ire,

where a € X and x,y € Var are first order variables. Given a trace t = [V, <, A]
and a valuation o : Var — V| t,0 & ¢ denotes that t satisfies ¢ under o. We
interpret each predicate P, by the set {x € V' | A(z) = a} and the relation < as
the strict partial order relation of ¢. The semantics then lifts to all formulas as
usual. Since the meaning of a closed formula (sentence) ¢ is independent of the
valuation o, we can associate with each sentence ¢ the language L(p) = {t € R |
t = p}. We say that a trace language L C R is expressible in FO g (<) if there
exists a sentence ¢ € FOx(<) such that L = L(p). We denote by FO (s py(<)
the set of trace languages L C R(X, D) that are expressible in FOx(<). For
n > 0, FO'% (<) denotes the set of formulas with at most n distinct variables
(note that each variable may be bound and reused several times).

We use the algebraic notion of recognizability. Let A : Ml — S be a morphism
to a finite monoid S. For ¢,u € R, we say that ¢ and u are h-similar, denoted
t ~p, u, if either t,u € M and h(t) = h(u) or ¢ and u have infinite factorizations
in non-empty finite traces t = t1to -+, u = uyug -+ with h(t;) = h(u;) for all
i. The transitive closure ~;, of ~p is an equivalence relation. Since S is finite,
this equivalence relation is of finite index with at most |S|? 4 |S| equivalence
classes. A trace language L C R is recognized by h if it is saturated by =, (or
equivalently by ~p,), i.e., t € L implies [t]~, C L for all t € R.

Let L C R be recognized by a morphism h : M — S. For B C Y, LN Mp
and L NRp are recognized by h [y, the restriction of h to Mp. A finite monoid
S is aperiodic if there is an n > 0 such that s® = s"*! for all s € S. A trace
language L C R is aperiodic if it is recognized by some morphism to a finite and
aperiodic monoid. First-order definability coincides with aperiodicity for traces.
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Theorem 1 ([6,7]). A language L C R(X, D) is expressible in FOx (<) if and
only if it is aperiodic.

3 Local temporal logic

We denote by LocTLl; the set of (internal) formulas over the alphabet X. They
are given by the following syntax:

pu=a€X|p|leVe|EXe|pUp|-aSh, a,be X

Let t = [V, <, A] € R be a finite or infinite trace and let € V' be some vertex
of t. We write ¢,z = ¢ to denote that trace ¢ at node z satisfies the formula
¢ € LocTLY,. This is defined inductively as follows:

t,x =a if Ma)=a

t,x = - if t,xlhEop

t,eEeVYy if t,alEgportalEY

t,r EEXe if Fy.a<yandt,ylEp

t,eEeUy if Iz>a tzEvandVy. (z<y<z)=tykEgp
t,x =-aSbh if Jz<x. [AMz)=bandVy. (z<y<2)=>

-a

b -aShbh

The modality U is the “universal” until operator defined in [3]. The modality
S is the corresponding since operator. Note that we only use the operator S in
the very restricted form of a fixed number of past constants.

Past modalities are essential, as indicated by the following example from
[22], where the dependence relation is a — b — ¢ — d. These two traces are not
first-order equivalent but are bisimilar at the level of events and thus cannot be
distinguished by purely future modalities.

a—b—c—b—c--- d—c—b—c—b---
T T
d—c a—b

As usual, we can derive useful operators such as universal next AXp =
- EX =, eventually in the future Fo = T U @ and always in the future Gy =
- F=p. The modality F*®a = Fa A G(a = EXFa) expresses the existence of
infinitely many vertices labelled with a above the current vertex.

Traces as models of formulas: We now turn our attention to defining when a
trace satisfies a formula. For LTL over sequences, lifting satisfaction at positions
to satisfaction by a word is quite simple: a word models a formula if its initial
position models the formula. Since a trace, in general, does not have a unique
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initial position, we need to use initial formulas as introduced in [3]. These are
boolean combinations of formulas EM ¢, each of which asserts the existence of a
minimal vertex in a trace satisfying the internal formula ¢. More precisely, the
set LocTLy of initial formulas over the alphabet X' is defined as follows:

o= 1|EMp,¢ € LocTLy | ~a | aVa
The semantics of EM is given by:
tEEMyp if Jz. (z € min(t) and ¢,z | @)

An initial formula o € LocTLy defines the trace language L(a) = {t € R |
t = a}. We can then express various alphabetic properties using initial formulas:
L(EMa) = {t € R | a € min(t)}, LIEMFa) = {t € R | a € alph(t)}, and
L(EMF>a) = {t € R | a € alphinf(¢)}. Therefore, for C C ¥, trace languages
such as (alph = C), (alphinf = C') and (min = C) are expressible in LocTLj.

The following result is immediate from the definition of LocTLy.
Proposition 2. If a trace language is expressible in LocTLy;, then it is express-
ible in FO(<).

We now show that the “filtered” modalities EX;, and F;, from [10], with the
following semantics, are both expressible in LocTLY..

t,r EEXpp if Jy. [r<yandt,yEypandVz. (z <yAXz)=0b) =z <2]
t,eEFye if Jy. [r<yandt,ylE=g@and Vz. (z <yAXz) =b) = 2 < x]
Proposition 3. For any trace t over some alphabet X', any position x int and

any formula ¢ of LocTLY;

taEEXyo <= tal (bAEX(pA-b)V \/(a AEX(pA—=(-aSh)))
a#b
Let the formula Safe, = (b A AX=b) V'V, (a A AX=(=a Sb)). Further, let
FY ¢ = Safe, U o and Fy ™ ¢ = Safe, U EX,(Ff ).
Proposition 4. For any tracet € R(X, D), any position x int and any formula
¢ of LocTLl;
ttrEF,p <— taxkE \/ Fr o
k<2
Now we establish some important lemmas that are critical in proving the
expressive completeness of LocTLy.
Lemma 5. Let A C X and b € ¥ with b ¢ A. For all ¢ € LocTLY, there
is a formula ¢ € LOCTL;;U{,,} such that for all t = t1btats € R with t; € R,
ta € Ry, min(te) € D(b) and min(ts) C {b} and for all x € bty we have
bta,x = @ iff t,x = .

t1 to
t3
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Proof Sketch. We have @ = a, =@ = @, m =3V, Ef)ZTp = EXp @, m =
Vieavip (@ U (dAY)) AFy(dAY)) and meSd = (mcSd) A—(=d Sb). O

Lemma 6. Let A C ¥ and b € X with b ¢ A. For all « € LocTLy, there
exists a formula @ € LocTLiAU{b} such that for all t = t1btats € R with t; € R,
to € Ra, min(te) C D(b) and min(ts) C {b}, we have t3 = « if and only if
t,min(btgtg) ): Q.

Proof Sketch. We have =a = —a, a V 3 = a V 3 and EM ¢ = EX( A —b) where
@ is the formula given by Lemma 5. O

Lemma 7. Let A C ¥ and b € X with b ¢ A. For all « € LocTLy, there
exists a formula a € LocTL gy such that for all t = tity with t; € R4 and
min(ty) C {b}, we have t; E « if and only if t = a.

Proof Sketch. Let oV = GV, 5p = =3, EXp = EX(F A=(=bSb)), p Ut =
U A=(-bSb)) and =cSd = —cS d. Then, for all t = t1ts with ¢, € Ry,
min(te) C {b} and for all z € t;, we have t1,2 |= ¢ if and only if ¢,z = &.
Finally, let EM ¢ = EM(3 A —b). O

4 Decomposition of traces

The proof of our main result is a case analysis based on partitioning the set
of traces according to the structure of the trace. Fix a letter b € X and set
B = ¥\ {b}. Using the notation introduced in Section 2, let I'* = {t € R4 |
min(t) € D(b)}, I' = I, and 24 = {t € Ry(4y | min(t) C {b}}.

Each trace t € R has a unique finite or infinite factorization ¢ = tobt1bts - - -
with tg € Rp and t; € Rg N (min C D(b)) for all ¢ > 0. In particular, we have

(min = {b}) = (b T W () w | ) (bI)*bI*024
0#£ACB

The following two results will allow us to use this decomposition effectively
in proving the expressive completeness of our logic. For this, we use Fy°a =
Fpa A —|Fb(a/\ - EX, Fba).

Lemma 8. Let t = tot’ with to,t’ € R and min(¢') = {b}. Then,
1.t € (bI)>° \ {1} if and only if t,min(t') = B with
B:\/(/\ Fen /\ ﬁF°°c>
C \ceC cgC

where C' ranges over connected subsets of X such that b € C if C # 0.
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2.t € ()b 024 if and only if t, min(t') = ~ with

v=1Y\ (/\ﬁF‘X’c> /\F(b/\ N Foen N Fean \ ﬁF§°a>.

cCx \cgC ceC acA ag¢A

Note that “the” b in bI' 24 is characterized by the formula b A Fy° a, where
a 1s any letter in A.

Lemma 9. Let A C X and let L C R be a trace language recognized by a
morphism h from M into a finite monoid S. Then,

LN bI)*ol402, = U (L1 N (bI)*)b(Lo ﬁFA)(Lg N24)
finite

where the trace languages L; C R are recognized by h.

5 Expressive Completeness

If T is a finite alphabet, we define the linear temporal logic LTLy(XU) by the
syntax: fu=uweT | fXUf|-f]|fV /]

The length of a finite or infinite word w = wiws -+ € T is |w| € NU {w}.
For a word w = wyws - - - € T the semantics of LTLy(XU) is given by

wEu if |w|>0and w; =u
whk fXUg if 35 e Nwith 1< j <|w|+ 1 and
wwjt1 - =g and wywgyr -+ = VL <k <.

Note that if w = f XU g then w is nonempty. A formula f € LTL7(XU) defines
the word language L£(f) = {w € T | w |= f}. We use the following proposition
which is a consequence of several results on the equivalence between aperiodic

word languages, star-free word languages, first order word languages and word
languages expressible in LTLy(XU) [18,12, 14,20, 8, 15, 16, 2].

Proposition 10. Every aperiodic word language K € T 1is expressible in
LTLy(XU).

We fix T = h(bI") and we define the mapping o : (bI")* — T by o(t) =
h(bt1)h(bta) - if t = bt1bty - - - with t; € I" for i > 1. Note that the mapping o is
well-defined since each trace ¢t € (bI")* has a unique factorization ¢t = bt1bty - - -
with t; € I' for i > 1.

Lemma 11. Let L C R be recognized by h. Then,

1. LN (bD)* = o7 Y(K) for some K expressible in LTLy(XU).
2. LN (bIN)T = o7Y(K) for some K expressible in LTLy(XU).

Next we show show how to lift an LTLz(XU) formula for K C T to a
LocTL' formula for o=1(K) € (bI')°.

Lemma 12. Suppose that any aperiodic trace language over B is expressible in
LocTLp. Then, for all f € LTLy(XU) there exists f € LocTLY, such that for all

t = t1t' with t; € R and ' € (bI')>® \ {1}, we have o(') |= f iff t, min(t) |= f.
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Proof Sketch. The formula fis defined by structural induction. We let m =

f\/ g, :3‘ = —g?, fXUg= EX((—|b vV f) U(A 'j)) The difficult case is when f =
s € T. For all r € S, the trace language h~!(r) N Mp is aperiodic and therefore
expressible in LocTLp by the hypothesis of the lemma: we find a,. € LocTLp
such that for all #/ € Mp, h(t") = r if and only if ¢/ |= . Let @, € LocTL
be the formula obtained using Lemma 6. We let s = \/h(b)‘T:S . ad

Lemma 13. Suppose that any aperiodic trace language over B is expressible
in LocTLp. Let A C X be non-empty and let f € LTLyp(XU). There exists

J € LocTLY; such that for all t = tytyts with ty € R, ty € ()", t5 € b2,
we have o(tz) = f iff t, min(tat3) E f.

Lemma 14. Suppose that for any proper subset A of X, any aperiodic trace
language over A is expressible in LocTLy. Let L C R be an aperiodic trace
language over Y. Then, for allb € X, there exists p € LocTLiZ such that for all
t = tot" with to,t’ € R and min(t') = {b}, t' € L iff t, min(¢') = .

Proof. We prove this lemma by induction on the size of the alphabet X. If
X’ = () then there is nothing to prove. Now, suppose that X # () and let b € X.
We assume that L is recognized by the aperiodic morphism A : M — S. Now,
LN (min = {b}) can be written as

(L (D> \{1}) e [J (LNED)*drA2a).
0#£ACB

By Lemma 11 we get L N (b)) \ {1}) = o= Y(L(f)) for some f € LTLy(XU).
From the hypothesis, aperiodic languages over B are expressible in LocTLg.
Hence, we can apply Lemma 12 and we get f such that for all ¢t = ¢yt with
to € R and t' € (bI")*° \ {1}, we have o(t') |E f iff t, min(¢') &= f. We conclude
this case taking o = G A fwhere ( is defined in Lemma 8.

Now, we consider L N (bI')*bI" 4§24 where ) # A C B. By Lemma 9,

LO®D)*0r 4024 = | (Ly 0 (0)*)b(La N TA)(Ls N 24)
finite

where each L; is an aperiodic language recognized by h. Thus, it suffices to show
that for aperiodic languages L1, Ly and L3 recognized by h, there is a formula ¢
such that for all ¢t = tot’ with o, ¢’ € R and min(¢') = {b}, we have ¢, min(t') = ¢
if and only if ¢ € (Ly N (bI")*)b(La N T') (L3 N 24).

By Lemma 11 we get Ly N (bI')* = o~ 1(L(f1)) for some f; € LTLzp(XU).
From the hypothesis, aperiodic languages over B are expressible in LocTLp.
Hence, we can apply Lemma 13 and we get f such that for all ¢t = tot1" with
to € R and t; € (bI)*, and t” € bI' 024, we have t; € Ly iff t, min(t,t") = f1.

Using again the hypothesis of the lemma, we get some formula oy € LocTLp
such that Ly NRp = L(a2). By Lemma 6 we find az € LocTLiE such that for all
t = tot1btats with tg € R and t; € (bI')*, to € I'* and t3 € 24, we have ty € Ly
iff t, mln(bt2t3) ': Q.
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Finally, L3 is an aperiodic trace language over a smaller alphabet (since
A # (), I(A) is a proper subset of %) and hence by induction hypothesis there is
a formula 3 such that for all t = ¢gt1btats with to € R and t; € (bI')*, t2 € r4
and t3 € 24 with t3 # 1, we have t3 € L3 iff ¢, min(t3) | ¢3.

Putting these three pieces together we let

b = fiAF(OAFRanag A (paV F EX(DA g3)))

with o4 = 1 if 1 ¢ Ly and ¢4 = - EXFb otherwise. Then, for all ¢t = tot,btots
with g € R and t; € (bI")*, ta € I'* and t3 € 24, we get from the above
discussion that t1btats € L1bLo L3 if and only if ¢, min(¢,btats) = 1. We complete
the proof with ¢ = v A ¢ where ~y is the formula defined in Lemma 8. ad

Theorem 15. Any aperiodic real trace language over R(X, D) is expressible in
LocTLy.

Proof. The proof proceeds by induction on the size of X¥. When X' = {a} is a
singleton, L is either a finite set or the union of a finite set and a set of the form
a"a* for some n > 0. In both cases, it is easy to check that L is expressible in
LocTLy.

For the inductive step, assume that the theorem holds for any aperiodic
language over any proper subset of Y. Let L be recognized by an aperiodic
morphism h: M — S. Let b € X and B = X'\ {b} as usual. We can show as in
Lemma 9 that L can be written as follows:

L = |J @ZinRp)(Lz N (min C {b}))

finite

where L, and Ly are languages recognized by the same aperiodic morphism h.
Since the decomposition of any trace ¢t € R as t1t3 with t; € Rp and 5 €
(min C {b}) is unique, the above decomposition can be rewritten as

L = |J(LinRp)(min C {b}) N (Rp(Ls N (min C {b})))

finite

Now, by the induction hypothesis, there is formula «; in LocTLg such that
for t; € Rp, t1 = aq if and only if t; € L;. Thus, by Lemma 7, there is a formula
a7 in LocTLy such that ¢t = o7 if and only if ¢; = a3 whenever ¢t = #1t2 with
t1 € Rp and min(t3) C {b}. Thus, (L; NRp)(min C {b}) = L(a7).

Since we have assumed expressive completeness for every proper subset of X,
by Lemma 14 there is a formula o such that for any ¢ = t1t5 with min(t2) = b,
to € Lo if and only if ¢, min(t2) = 2. Consider the formula o = o/ V EM((b A
©2) V (tOAFLEX(bA ¢3))) where o/ = L if 1 ¢ Ly and o/ = - EMF b otherwise.
Then, ¢ = « if and only if either t € Rp and 1 € Ly, or there is a minimal b event
x in the trace t and t,x |= ¢o. That is t = t1ty with ¢; € Rp, min(te) = {b} and
ta € Ly. Thus Rp(Lg N (min C {b})) = L(«) is also expressible in LocTLy. O
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