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Abstract

Mazurkiewicz traces form a model for concurrency. Temporal logic
and first-order logic are important tools in order to deal with the abstract
behavior of such systems. Since typical properties can be described by
rather simple logical formulas one is interested in logical fragments.

One focus of this paper is unary temporal logic and first-order logic
in two variables. Over words, this corresponds to the variety of finite
monoids called DA. However, over Mazurkiewicz traces it is crucial
whether traces are given as dependence graphs or as partial orders (over
words these notions coincide). The main technical contribution is a gener-
alization of important characterizations of DA from words to dependence
graphs, whereas the use of partial orders leads to strictly larger classes.
As a consequence we can decide whether a first-order formula over depen-
dence graphs is equivalent to a first-order formula in two variables. The
corresponding result for partial orders is not known.

This difference between dependence graphs and partial orders also
affects the complexity of the satisfiability problems for the fragments un-
der consideration: for first-order formulas in two variables we prove an
NEXPTIME upper bound, whereas the corresponding problem for partial
orders leads to EXPSPACE.

Furthermore, we give several separation results for the alternation hi-
erarchy for first-order logic. It turns out that even for those levels at
which one can express the partial order relation in terms of dependence
graphs, the fragments over partial orders have more expressive power.

1 Introduction

According to one of the first sentences in the trend-setting 1977 Aarhus paper
[16] of Mazurkiewicz a trace is a partially ordered set of symbol occurrences.
He proposed trace theory as an algebraic framework for studying concurrent
processes and observed that the behavior of a concurrent process is not described
by a string, but more accurately by some labeled partial order. The partial order
relation of a trace is defined via a dependence alphabet so that the set of traces
forms a free partially commutative monoid in the sense of Cartier and Foata [1].
There is a natural extension to infinite objects which lead to the notion of real



trace. However in this paper we focus on finite traces, only. For an overview on
trace theory we refer to The Book of Traces [4].

One advantage of trace theory is that formal specifications of concurrent
systems by temporal logic formulas have a direct interpretation for Mazurkie-
wicz traces. Moreover, if the underlying alphabet is fixed, satisfiability of all
local temporal logics over traces where the modalities are definable in monadic
second order logic are decidable in PSPACE [10]. For some local temporal logics
this result has been generalized to the case where the alphabet is also part of
the input [11]. This is optimal since the PSPACE-hardness occurs already for
words (over a two letter alphabet).

On the algebraic side temporal logics corresponds to aperiodic monoids,
this is known as Kamp’s Theorem, see e.g. [9]. Kamp’s Theorem has been
generalized to traces in [2, 3, 21]. However typical formulas do not require the
full expressive power of temporal logic. So one is interested in fragments. The
probably most interesting fragment is given on the algebraic side by the variety
DA. Over words, DA admits many different characterizations, which led to
the title Diamonds are Forever in [19]. In this paper we show that some of
these characterizations can be generalized to trace monoids, but it turns out
that we have to distinguish whether traces are given as dependence graphs or
as partial orders. This is rather unexpected since for words and also for the full
first-order theory over traces there is no such difference. But for the expressive
power of fragments as well as for the complexity of the satisfiability problem
this distinction is rather crucial.

The paper is organized as follows: In Section 2 we introduce basic notions
and facts that are needed in the remainder of the paper. In Section 3 we give
a language theoretic characterization of the first order fragment 3o over depen-
dence graphs. Section 4 introduces (local) unary temporal logic and exposes
its connection to first-order logic with two variables FO?. The interest in the
fragment FO? arises from the fact that first-order logic with only three variables
has already the same expressive power as the full first-order theory over traces
[12]. Section 5 carries together several results connected to the variety DA.
Theorem 5.1 gives characterizations of DA over traces such as unary temporal
logic, FO? over dependence graphs, and first-order logic with one quantifier al-
ternation over dependence graphs. Theorem 5.2 shows that as soon as a logical
fragment is capable to express concurrency, this fragment exceeds the expressive
power of DA. Section 6 contains several complexity results for the satisfiability
problem of the fragments under consideration. In Theorems 6.1 and 6.2 we show
that satisfiability for unary temporal logic without an operator for concurrency
is NP-complete whereas additionally allowing a modality for concurrency yields
PSPACE-completeness. In Theorems 6.3, 6.4, and 6.5 we give some complexity
results for FO? over traces. In Section 7 we give several separation results.
We start by introducing Ehrenfeucht-Fraissé games for the respective logical
fragments. Those games are the main tool in this section. Theorem 7.1 says
that in general, in FO? over partial orders one cannot express whether there
are three pairwise concurrent actions. The remainder of this section discusses
the alternation hierarchy for first-order logic. Theorem 7.2 shows that for every
n € N there exists a trace monoid M and a language L C M such that L is
expressible in FO? over partial orders whereas L is not expressible at level n of
the alternation hierarchy. Therefore, restricting the number of variables on one
hand and restricting the number of quantifier alternations on the other hand



yields incomparable fragments. Theorem 7.3 depicts the relation of the alterna-
tion hierarchy over partial orders and the alternation hierarchy over dependence
graphs.

2 Preliminaries

A dependence alphabet is a pair (T', D) where the alphabet T is a finite set (of
actions) and the dependence relation D C T' x T is reflexive and symmetric. The
independence relation I is the complement of D. It is irreflexive and symmetric.
A Mazurkiewicz trace is an isomorphism class of a node-labeled directed acyclic
graph t = [V, E, \], where V is a finite set of vertices labeled by A\ : V' — T" and
E C(V xV)\idy is the edge relation such that

EUE Uidy = {(z,5) € V x V | (@), A(y)) € D }

We call [V, E, \] a dependence graph. By ET we mean the transitive closure of
E, frequently we write < instead of ET, and < means the induced partial order,
i.e., < is the union of the relations < and idy. We write = || y if the vertices
x and y are incomparable with respect to <. Note that node labeled graphs
(V,E,\) and (V', E’, \) are isomorphic if and only if the corresponding labeled
partial orders (V,<,\) and (V/,<’,)\) are isomorphic. Hence as mentioned
above, a trace is indeed a partially ordered set of symbol occurrences.

Let t1 = [V1, E1, \] and to = [Va, Ea, Ao] be traces. Then we define the
concatenation of 1 and t5 to be t1 -ty = [V, <, A] where V = V; U V4 is a disjoint
union, A=A Udg, and E=EyUE, U{(z,y) € Vi x V2 | (A(z),A\(y)) € D }.
The set M of traces becomes a monoid with the empty trace 1 = (0,0,0) as
unit. It is generated by I', where a letter a is viewed as a graph with a single
vertex labeled by a. Thus, we obtain a canonical surjective homomorphism

T: " = M

The effect of the mapping 7 can be made explicit as follows. We start with a
word w = ay - - - a,, where all a, are letters in I'. Each x is viewed as an element
in{1,...,n}, with label A(x) = a,. We draw an arc from a, to a, if and only if
both, < y and (as,ay) € D. This dependence graph is m(w). Note that M is
also canonically isomorphic to the quotient monoid I'*/ {ab=ba | (a,b) € I }.

A subtrace s of a trace t = [V, E, \] is defined by a subset V' of V. Formally,
we let s = [V’ E', \] be the induced labeled subgraph. This means that E' =
ENnV' xV"and X : V' — T is the restriction of A\. It is clear that s is a
dependence graph, however in general it is no factor. A factor of t is a subtrace
s = [V',E', N] such that (z,v), (y,2) € E* with z,2z € V' implies y € V’, too.
Every factor s of ¢ yields a factorization ¢t = psq (possibly more than one). For
the other direction, every factorization ¢t = psq of t = [V, E, \] yields a unique
factor s = [V/, B/, N'] with V' C V.

If t = [V, E, A] then throughout we write = € t instead of z € V. By d(T', D)
we denote the length of a longest simple path in the undirected graph (T, D).



There is a basic observation which holds for all z,y € t € M with d = d(T", D):

(z,y) €E & (z,y) € BT A(Mz),\y)) € D (1)
xa=y A (x,z1) € EA
+ .
(x,y) € ET & Fz1---Jzq: /\ (2, 7i41) € EUidy (2)
1<i<d

There are some standard notations we adopt here. The length of a trace t is
denoted by |t| and its alphabet is alph(t). By min(¢) (max(t) resp.) we denote
the set of minimal (maximal resp.) vertices of ¢. Note that min(¢) and max(t)
are factors of t. A trace language L is a subset of M. It is called recognizable if
L = h=!h(L) for some homomorphism h : M — M, where M is a finite monoid.

We are interested in first-order definable languages, hence we restrict our
attention to aperiodic monoids. A finite monoid M is called aperiodic if there
is some n > 0 such that v = v"*! for all v € M. By A we denote the variety
of all finite aperiodic monoids. The variety DA is defined as all finite monoids
M satisfying the equation (uvow)™v(uvw)™ = (uvw)™(uvw)™ for all u,v,w € M
and some n > 0. Setting w = 1 and w = 1 we see that DA contains aperiodic
monoids, only. By DA(M) we mean the class of trace languages which are
recognized by some finite monoid in DA. We have

L€ DAM) < 7 '(L) € DA(T™) (3)

This is a special case of a well-known result due to the fact that = induces an
isomorphism between the syntactic monoids of L and m—!(L), see e.g. [5]. In
fact, if 7=1(L) is recognized by some finite monoid M, then L is recognized by
some quotient of a submonoid of M.
The syntax of first-order logic formulas FO[E] is built upon atomic formulas
of type
T, Mz)=a, and (z,y) € E

where T means true, x, y are variables and a € I'is a letter. If o, ¥ are first-order
formulas, then -, ¢ V ¢, dz ¢ are first-order formulas, too. We use the usual
shorthands as L = =T meaning false, o A1) = =(—¢ V1)), and Vo ¢ = ~Jx —¢.
Given ¢ € FO[E] the semantics is defined as usual for node labeled graphs. In
particular, if all free variables in ¢ belong to a set {x1,...,2 }, then for all
t € M and all z1,...,2,,, € t we can write ¢,x1,...,Z, = ¢ and this has a
well-defined truth value. We identify formulas by semantic equivalence. Hence,
if ¢ and 9 are formulas with m free variables, then we write ¢ = 1) as soon
as t,21,...,Tm = (@ < 1) for all trace monoids M, all traces ¢t € M, and all
positions x1,...,%;, € t. There are completely analogous definitions for the
first-order logic FO[<]. The only difference is that instead of (z,y) € E we have
an atomic predicate x < y. We let FO™[E] be the set of all formulas with at
most m different names for variables. Moreover, we allow (A(z),A(y)) € D as
an additional atomic formula (which has an interpretation for all x,y € ¢ where
t is a trace). With this convention FO™[E] becomes a fragment of FO™[<] due
to (1).

A first-order sentence is a formula in FO[E] or FO[<] without free vari-
ables. For a first-order sentence ¢ we define L(p) = {teM |tEp}. A
trace language L C M is called first-order definable if L = L(p) for some first-
order sentence ¢ and we let FO(M) = { L(¢) | ¢ € FO[E] }. We do not write



FO[E](M), because FOM) = { L(¢) | ¢ € FO[<] } as well, due to (2). So, in
first-order it is not necessary to distinguish between E and <. However, for
subclasses of FO we need this distinction. We define the following classes for
E' = F and E' = < respectively. We let ¥g[E’] = IIj[E’] be the set of all
Boolean combinations of atomic formulas. For n > 0 the classes X, [E’] and
I1,[E’] are inductively defined by the following conditions:

i. p € Xy1[E'|UIL,_1[E'] implies ¢ € £,,[E'] and ¢ € II,,[E].
ii. p € X,[E'] implies Jz ¢ € X,,[E’] and Va ¢ € II,,11[E’].
ili. ¢ € II,,[E’] implies Jz ¢ € X,,41[F'] and Vz ¢ € IL,[F’].

The fragments ¥, [E’] and II,[E’] are closed under conjunctions and disjunc-
tions. According to our convention to identify equivalent formulas, it makes
sense to write e.g.:

P EXLE] & —pell,[E]
We have J,,, £n[E] = FO[<] due to the following observation:

Lemma 2.1 We have:
Zn[E] - Zn[<] - Zn-&-l[E]

Proof: The first inclusion follows from (1) and the second inclusion is a conse-
quence of (2). O

For E' = E and E' = < we define the following language classes:
i. FO"[E'](M) ={L(p) | ¢ € FO"[E"] }.

L(p) | p € ZulET }.

i, TL,[E')(M) = { L(p) | ¢ € IL,[E] }.

iv. An[E'](M) = S, [E'](M) N 1, [E] (M).

i, D [E) (M)

Remark 2.1 i The inclusion %,[<] C X, +1[E] in Lemma 2.1 is not purely
syntactic, since strictly speaking it depends on the alphabet size.

ii. The classes FO™[E'][(M) and A,[E'|(M) are Boolean algebras.

iii. The classes Xp[E'|(M) and I1,[E'](M) are closed under union and inter-
section.

There is a direct way to transform a first-order formula of ¢ € FO[E] over M
into a corresponding first-order formula ¢* € FO[<] over I'*: We simply replace
all atomic subformulas of ¢ of the form (z,y) € E by the conjunction z <
y AN(A(x), M(y)) € D. Notice that for a fixed dependence alphabet (A(z), A(y)) €
D can be read as a macro for \/(, ;e p(A(@) = aAA(y) = ).

Lemma 2.2 Let L € ¥,[E](M)NFO™[E](M). Then we have 7= 1(L) € X, [<
J(T*) NFO™[<](T™).

Proof:  Straightforward by using the transformation of ¢ € FO[E] to ¢* €
FO[<] as above. O



3 Polynomials

The language class of polynomials Pol(M) is the smallest family of languages
over M which contains the singletons {a} for a € T, languages A* for A C T,
and which is closed under finite union and concatenation. The class co-Pol(M)
contains all languages L C M such that M\ L € Pol(M).

Lemma 3.1 i Leta €T and A CT. Then we have {a} and A* € 33[E](M).
ii. The classes Xa[E](M) and E3[<](M) are closed under concatenation.
iii. We have Pol(M) C Yo[E](M).

Proof:  Assertion (iii.) follows from (i.) and (ii.) since X3[E](M) is closed
under union.
(i.): The language {a} for a € T" is given by the ¥o[E] formula

JVy: AN(z)=aNhax=y

and the language A* for A C T' corresponds to

Yy : \/ Ay)=a
acA
(ii.): Let Lo,Ly € X3[E](M). We show Ly - L1 € Yo[E](M). The case of
3o[<](M) is even simpler. We construct a formula ¢ € 35[E] expressing L =
Lo - Ly. The construction is rather standard. The aim is to check whether there
exists a factorization t = tgt; with ty € Ly and t; € Ly. This will be done by
determining a cut through ¢ and relativization of the formulas defining Ly and
L. We first introduce some macro formulas:

path(zy,...,z,) = /\ (x; = Tip1 V(zi,2541) € E)
1<i<n
vlly = Vag---Vap_p:

—path(z,xo,...,2p—1,y) A ~path(y, zs, ..., 2p-1,2)
r<y = wF#yAdre- ITr_1: path(z, zq, .. S T|)=1,Y)

Note that these ¥[E] macros can be viewed as Yo[<| formulas. For alpha-
bets Ag = {a1,...,a,} and A1 = {b1,...,b, } we define a 33[E] formula
aag A (T1, o Ty Y1, - -, Ym) With n + m free variables. Consider a factoriza-
tion t = tot;. The idea is that a4, 4, is true if each variable z; is interpreted
at the last occurrence of the letter a; in ¢y, and the alphabet of ty is Ag. The
variables y; represent the first positions of letters b; of t; and the alphabet of ¢;
is A;. We set:

aAo,Al(xla-"axnvyla"'ay'rn) -
N Mai)=ai n N\ Aw)=bi A N @illy Voai<y) A
1<i<n 1<i<m 1<i<n
1<j<m

\V (Az) =Azi) A(z=; V (2,2;) €E)) V

1<i<n
Vz:

V (G =) Ay =2V (y;,2) € E))
1<j<m



Let T = (x1,...,2,) be a tuple of variables. Suppose that we have Ly = L(¢yp),
where po = FYVz o (7,%z) € Za[E] with § = (y1,...,Ym) and Z = (21,..., 2¢).
The restriction of ¢ to the past of x1,...,x, is

Po(@) = 3y - FymVar - Ve

A V (== V(yz)eB)| A

1<j<m \1<i<n

Vo A = vize) €E) |V (@2)

1<k<e \1<i<n

Similarly, suppose L; is expressed by 1 € Xa[FE], We can define the restriction
@1 of o1 to the future of ¥ = (y1,...,¥m). Using these restrictions, we define

p= \/ oy -+ 3w ag; Iyn - Iypayt (Qag,4, (T,7) A $o(T) A 21(Y))
Ap, A1 CT

Note that ¢ is a X3[E] formula. It expresses the language L. O

As a final remark in this section we notice that polynomials are closed under
homomorphic images. Therefore we can state:

Remark 3.1 Let L € Pol(T'*). Then we have w(L) € Pol(M).
Corollary 3.1 We have:
Pol(M) = X, [E](M)

Proof: The inclusion from left to right is Lemma 3.1. For the other inclusion
let L € 33[E](M). Then by Lemma 2.2 we have 7= (L) € %5[<]|(T'*). Now,
in the word case it follows 7=!(L) € Pol(I'*), see [17]. With Remark 3.1 we
conclude L = rr~1(L) € Pol(M). O

4 Unary temporal logic

In [12] it is shown that FO*[<](M) = FO(M). The binary atomic predicate
& < y can be expressed by an FO? [E] formula. Let z,y, z be the sole variables.
For n = 1 we set E!' = E and for n > 1 we inductively define the formula
(z,y) € E™ by

(z,y) EE" & 3zt (z=2V(z,2) €E) A(z,y) € E"*

When using the hypothesis we interchange the roles of x and z in order to express
(2,y) € E" 1. By equation (2) it follows that = < y is equivalent to (z,y) € EITl
and hence FO?[E](M) = FO?[<](M) = FO(M). Since three variables (over <
as well as over F) are sufficient to express all first-order properties, it is natural
to consider the fragments FO?[<] and FO?[E]. In this section we characterize
them in terms of temporal logic.

Local temporal logic formulas are defined by first-order formulas having at
most one free variable. In this paper we focus on unary operators, only. In



temporal logic we write a(z) for the atomic formula A\(z) = a. Inductively, we

define SFp(z) (Strict Future), (S_Fgo(x) (strict past), M(z) (soMewhere), Eo p(x)
(Ezists concurrently) as follows.

SFp(z) = Fy: z <y Ae(y)
SFo(r) =3y y < Ap(y)
Mp(z) = Jy: ¢(y)

Eop(x) =3y: = || y A p(y)

It is common to write ¢ instead of ¢(z). We define various macros:

Fo=¢VSFp Future
Go=-F—¢p Globally (in the future)
SGy = —=SF—p Strict Globally (in the future)

«— «—
SGp = =SF—p Strict Globally (in the past)
Ao = -Eo—p All concurrently
Bvp = =M—gp Everywhere

The depth (or operator depth) of a formula ¢ € TL[SF, <S—F, M, Eco] is the maximal
number of nested temporal operators occurring within ¢ (cf. [7]). Let C be a
subset of temporal operators from the set above, then TL|C] means the formulas
where all operators are from C. Clearly, if C consists of unary operators as above,
then

TLIC]C {p € FO?[<] | ¢ has at most one free variable }

This can be made more precise and reveals a difference between FO?[E] and
FO?[<] for traces. As we will see later, the fragment FO?*[<] is more powerful
than FO?[E], in general.

Lemma 4.1 We have:

i. TL[SF,<ST:7 Ew] = { ¢ € FO*[<] | ¢ has at most one free variable }
. TL[SF,ST:, M] = { ¢ € FO*(E] | ¢ has at most one free variable }

Proof: The inclusion from left to right in (i.) holds by definition of the temporal
operators. For the analogous inclusion in (ii.) we can use equation (2). For
example, SF1) corresponds to the FO?-formula ¢(z) = 3y : z < y A ¥(y) where
by induction on the number of operators 1) € FO*[E]. Now, ¢(z) is equivalent

to @ﬂ(m) € FO?[E] defined by

—

l(x) =Jy: (z,y) € E AN Y(y)
ptl(z)=3y: (z =y V(z,y) € E) A 9i(y)

where in ¢*(y) the roles of x and y are interchanged. Note that this step
would not be possible if we had replaced ¢ (y) by some formula ¢ (x,y) that
also depends on z. The proof of the inclusions from right to left follows the
same lines as it has been shown in word case by Etessami-Vardi-Wilke [7]. To



keep this paper self-contained we give a complete proof for this direction. Let
o(z) € FO?[<] be a formula with one free variable. We show by induction on the

quantifier depth and the size of the formula that there exists ¢ € TL[SF, <S_F, Eco]
such that

Lol ple) & bk
Atomic formulas and Boolean operators are translated as follows:

p(z) = a(z) forael ~ @g=a

e(@) = P1(@) Viha(z)  ~ @ =1V

p(z) = ~(x) =
If o(x) is of the form Jz: ¢ (z), in an intermediate step it is transformed into
¢'(x) = Jy: ¥(y) by interchanging = and y. The formula ¢(x) = Jy: ¥(y) can
be interpreted as ¢(x) = Jy: ¥(z,y) where z is a dummy variable. We now

consider the general case ¢(x) = Jy: ¢¥(x,y). First, we transform () into an
equivalent formula " (z) of the same quantifier depth. Let

¢(x,y) = ﬁ(.’[ =y, r<y,y<cz, gl(x)w"agn(x)’ Cl(y)v"'vcm(y))

where (3 is a propositional formula and §;(x), ¢;j(y) are atomic formulas or
existential formulas with smaller quantifier depth. The first step in the trans-
formation of ¢(x) is to guess the values of &;(x) before the quantification of y.
We set ¢ (x) =

\/ ( /\ (&i(z) < v) A Jy:

~e{T,L}" “M1<i<n
Blzx=y,x<yy<uz7, Cl(y),---,cm(y)))

The next step is to guess the order-type 7 that holds between = and y in advance.
The possible relations are x =y, © < y, > y or (other than in the word case)
none of them and then x and y correspond to parallel positions, x || y. We
choose 7 from the set { =, <,>, | } and define ¢"(x) =

\/ ( /\ (&i(x) < vi) A \/ Jy: (x7y A ﬂ(y))

Fe{T,L}" “1<isn Te{=,<>l}

with B(y) = B((z = y)7,(x < ¥)",(y < )7, 7, G(Y),---,¢n(y)). Note that
the first 3 + n arguments are constant Boolean values at this point. After this
transformation of ¢(z) it remains to show how to translate formulas of the form
Jy: (xTy A Bly)) with 7€ {=,<,>,| }:

Jy: (x=yABy) ~ B

Jy: (@ <y ABly) ~ SFB
Jy:(@>yABy) ~ SFB
Jy: (z |y ABy) ~ Eop

Note that ¢ is at most exponentially bigger than ¢. Therefore, the size of
© is (poly-)exponentially bounded by the size of ¢. The transformation of



o(z) € FO*[E] into an equivalent formula @ € TL[SF,<S_F, M] is similar. The
difference arises only in the set of order types and in the last step. Note that

£y A(z,y) €E A(y,2) €E & (Mz),A\y)) el

Therefore, the order-type z || y in FO?[<] corresponds to independence of the
labels of x and y in the FOQ[E] setting and we get the following transformations

Jy: ((z,y) € EABly)) ~ \/ aASFbAB)
(a,b)eD
«— ~
Jy: ((y,2) € EABy)) ~ \/ anSF(bAB)
(a,b)eD
Fy: (@) W) €I ABE) ~ \/ aAM@BAD)
(a,b)el
This completes the proof of the inclusions from right to left. O

In order to pass form formulas in temporal logic to languages we would like to
define L(¢) C M, even if ¢ has a free variable. There is however no canonical
choice. We use an existential variant; and we define here:

Lay(p)={teM | wet:t,x ¢} =LMp)

Clearly, L3(My) = L3(¢) = L(My). Define TLIC](M) as the Boolean closure of
languages defined by L3(¢) with ¢ € TL[C]. As a consequence of the existential
choice we never have 1 € L3(¢). But this will be no obstacle in the following,
because L3(T) = M\ {1} implies that L € TL[C](M) if and only if L \ {1} €
TL[C](M). In the following lemma, we show that the operator M does not add
any expressiveness beyond Boolean operations.

Lemma 4.2 We have:
TLISF, SF)(M) = TL[SF, SF, M](M)

Proof: The{_ inclusion from left to right is trivial. For the other direction, let
¢ € TL[SF, SF, M] and Mt be a subformula of ¢. For 7 € {T, L} let ¢[Myp—7]
be the formula where M%) is replaced by 7. Now,

o =MYAp[Mpe=T] V =M A p[Mthe—1]

because M has no free variables. The result follows by induction since L(M) =

La(yp) and @[Mtp«7] has one M less, and TL[SF,(S_F](M) is by definition a
Boolean algebra. O

Essentially the converse holds as well, up to the empty trace, Boolean operations
can be replaced by the use of the operator M. This fact is stated in the following
lemma in order to complete the picture, but not used henceforth.

Lemma 4.3 {L3(¢) | ¢ € TLICU{M}] } is a Boolean algebra with respect to
M\ {1}.

Proof: We have M\ (L3(¢) U{1}) = L3(=My). O

10



Remark 4.1 If M is a free monoid, then TL[SF,(S_F] = rl‘L[SF,(S_F7 M], because
My = g@\/SF(p\/<S_F<p in this case. Hence {Lg(gp) ‘ pE TL[SF,?] } forms a

Boolean algebra with respect to T'T.

5 Characterizing DA over traces

Various characterizations of DA (I'*) are known [19]. In the following we extend
some of them to traces. In particular, we are interested in the corresponding
first-order fragments and its temporal logic counterpart. The following is one

of the main results of the paper. The crucial step is DA(M) C TLISF, <S—F] (M).
This has been established first in the Ph.D. thesis [14]. In Lemma 5.3 we give
a new and self-contained proof of this fact. This will require some arithmetic in
finite monoids and is postponed to the end of this section.

Theorem 5.1 We have:
TLISF, <S_F] (M) = FO2[E] (M) = Pol(M) N co-Pol(M) = Ay[E](M) = DA(M)

Proof:  For words, i.e., for M = TI'*, the result follows by [7, 17, 20]. For
arbitrary trace monoids we have

L € TL[SF, SF] (M)
= L € FO?[E|(M)
= 7 1(L) € FO*[<|(T"*)
= 7 Y(L) € Pol(T*) N co-Pol(T"*) by word case)
= L € Pol(M) N co-Pol(M) Remark 3.1)

(Lemma 4.1 and 4.2)
(
(
(
= L € A[E](M) (Lemma 3.1)
(
(
(
(by

Lemma 2.2)

= 1 Y(L) € Ax[<)(T™) Lemma 2.2)
= 7 (L) € DA(TY) by word case)
= L € DA(M)

= L € TL[SF, SF] (M)

by equation (3))
[14, 15] or Lemma 5.3)
O

Note that membership in the variety DA is decidable and hence the membership
problem for all of the above characterizations is decidable. The theorem above
characterizes FO?[E](M). However for words there is no difference between E
and the relation <. In particular, FO?[E](T'*) = FO?[<](I'*). Can we hope that
this is always true? The answer is no:

Theorem 5.2 The following assertions are equivalent:
i. D is transitive, i.e., Ml is a direct product of free monoids.
i. FO?[E](M) = FO?[<](M).

iii. Ao[E](M) = Ag[<](M).

11



Proof: If D is transitive, then F and < are identical. Now, suppose D is not
transitive. Then there exist three letters a,b,c € T' with (a,b), (b,c) € D and
(a,¢) € D. Consider the trace language L = L(p) with ¢ = JzJy: = || y €
FO?[<]N%;[<]. The language L contains all traces with two parallel positions.
We have L € FO?[<](M) N Ay [<](M).

Assume by contradiction, L € DA(M). Then there exists a homomorphism
h:M — M onto a finite monoid M € DA such that h='h(L) = L. Since M €
DA there exists n € N with Yu,v,w € M: (vow)"v(uvw)™ = (vvw)" (uvow)™.
With u = h(b), v = h(abc) and w = 1 we conclude (babe)™abe(babe)™ € L if and
only if (babc)™(babe)™ € L. This is a contradiction, since (babc)™(babe)™ & L
is a sequence without any parallel positions, whereas (babc)™abc(babc)™ € L
contains two parallel positions labeled by ¢ and a. Therefore L ¢ DA (M). By
Theorem 5.1 we have FO?*[E](M) = A,[E](M) = DA(M). It follows L € FO?*[<
J(M) \ FO?[E](M) and L € A[<](M) \ Ag[E](M). 0

Remark 5.1 In general, it is open whether membership is decidable for classes
like FO?[<](M) or As[<](M). Theorems 5.1 and 5.2 imply that membership for
FO?[<](M) and for As[<](M) is decidable if D is transitive.

In Lemma 5.1 and Lemma 5.2 we give some properties of the variety DA.
Green’s relations are one possibility to formulate those properties. We introduce
only those Green’s relations that will be used in the remainder of this section.
Let M be a monoid and u,v € M. We define

ul v s Mu=Mv u<p,v & MuC Mv u<pgv < MuC Mv
uRv & uM=vM u<rpv & uM CoM u<rv & uM C oM

Note that R and L are equivalence relations, whereas <x and <, are pre-
orders. For every product upus_1---ujug we have lpy >, ug >, uiug >
UgUiUg >p -+ >p Up---ug. For every monoid M € DA there exists n € N
such (uvvw)™(uvw)”™ = (uvw)?" for all u,v,w € M. In particular, v??+1 = ¢2n
for all v € M which shows that every monoid in DA is aperiodic.

Lemma 5.1 Let M be an aperiodic monoid and let u,v € M. If u <; v and
v <gr u then u =v.

Proof: Choose m € N such that y™ = y™*+! forally € M. Since u € Mu C Mv
there exists x € M such that v = zv. Similarly, there exists y € M such that
v =wuy. We have u = 2v = zuy = 2™uy™ = 2"uy™ ! = uy = v. O

The crucial properties for monoids in DA are aperiodicity (as used in the lemma
just above) and the property as given in the next lemma. Of course, there is
also a symmetric statement using Green’s relation R.

Lemma 5.2 Let u,v,a € M € DA. Ifu L vu and v € MaM then u L avu.

Proof: Choose n € N such (vow)™v(uvw)"™ = (uvw)?" for all u,v,w € M. We
have wu <, wu for all u,w € M. Therefore, it suffices to show u <, avu. Let
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x,y,z € M such that v = zay and u = zvu. Then

YU = Y2Zou = Yzra - yu
= (yzza)" -y
(yzxa>2"
= (yzxa)"za (yzxa) YU since M € DA
= (yzza)" - za - yu € Mavu
Therefore u = zxa - vu € zxa - Mavu and hence Mu C Mavu. O

Lemma 5.3 If L € DA(M) then L € TL[SF, SF](M).

Proof: Let M € DA and let h : M — M be a homomorphism with h=h(L) =
L. We define an equivalence on traces, called operator-depth-equivalence, by
OD,,(u) = OD,(v) if u and v agree on all formulas of operator depth at most
n. Let n > 2|M|-|I'| and uw,v € M with OD,,(u) = OD,,(v). We show that
this implies h(u) = h(v). From n > 1 we conclude that alph(u) = alph(v). If
alph(u) = 0 then v = 1 = v and hence h(u) = h(v). Thus we may assume
alph(u) # () and we perform an induction on the size of this alphabet. For some
¢ < |M| we can write u = u¢Cly---u3;Crug where C; = max(u;C;) and for all
choices of letters a; € C; we have:

1v £ h(ug) >¢ h(aruo)
>r h(Crug) £ h(uiCiug) > -+
>r h(apue—q -+ - u1Crug)
>r h(céulfl"‘ulcluo) L h(uécluffl"'ulcluo)

A suitable factorization u = u;Cy - - - 11 C1ug can be found as follows. We choose
ug of maximal length such that 1y, £ h(ug), then Cy is the product over the
maximal letters in the remaining prefix before ug; and this leads to the general
procedure: Once Cj is defined, choose u; of maximal length and let C;;1 be
the maximal letters in the remaining prefix before u;. The effect is that every
a; € C; reduces the level of the L-class. In general, the above factorization is
not unique.

By Lemma 5.2 we see u;—1 ¢ Ma;M for all a; € C; which implies C; N
alph(u;—1) = 0. We claim that for each a € C; there is a formula ¢, ; €
TL[SF, <S—F] of operator depth 2i — 1 such that u,x = ¢, if and only if = corre-
sponds to the position of the letter a in the factor C;. For i = 1 this is

©va,1 = a/N\—SFa
and for 7 > 1 we can use induction
Cai = [a A \/ SFppi—1 | A SF | an \/ SFppio1
beCi_q beCi_1

The formula ¢, ; expresses that the position x has label a and is before some
position in C;_; and it is the last position with this property. Note that the
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operator depth of ¢, ; is indeed 2 — 1. Using the (syntactical) conventions
\/aec0 SFqa,0 = vaeCHl SF@q,t+1 = T we can specify the positions in u; by

(S <\/ SF@a,i) A \/ SFpa,it1

aeC; aeC,;_H

Note that a formula of operator depth of at most 2¢ can specify that for each
position exactly one of the formulas ¢, ; or ¥; holds. Since n > 2¢ and OD,,(u) =
OD,,(v) we can factorize v = vyCy---v1Civy where the position of each C;
consists of the maximal letters in v;C;. By using 1); for relativizations we see that
OD,,—2¢(u;) = ODy,—2¢(v;) for 0 < ¢ < £. Furthermore alph(u;) C alph(u)\ Cy41
for 0 < i < £. By induction on the alphabet size we obtain h(u;) = h(v;) for
0 < i < £ (we cannot use the induction hypothesis for ¢ = ¢ since we may have
alph(ug) =T). Thus

h(v) <r h(CgUz,1 e Clvo)
= h(Cg’Lw,l tee 0111,0) ,C h(’LL[C[U,Z,l e Cl’LLO)
= h(u)

This means h(v) <, h(u). Symmetrically, by starting with a factorization of v
with respect to Green’s R-relation we see that h(u) <z h(v). From Lemma 5.1
we conclude h(u) = h(v). Up to equivalence there are only finitely many formu-
las of operator depth n. By specifying which of them hold and which of them
do not hold we see that for all m € M the language h~!(m) can be expressed

by a TL[SF, (S_F] formula. The lemma now follows since L = (J,,,cp,(z) ™" (m). O

6 Complexity

In this section we show that the possibility to express concurrency also affects
the complexity of the satisfiability problem.

Theorem 6.1 The following problem is NP-complete:
Input: A dependence alphabet (T, D) and a formula ¢ € TL[SF, §:, M].
Question: Is ¢ satisfiable over M = M(T", D) ¢

Proof: The hardness follows from the special case that satisfiability for TL[F] is

already Np-hard for words [18]. Therefore we show inclusion in NP, only. First,
«—

we transform ¢ € TL[SF, SF, M] by allowing additional temporal operators into

some
— —
® ¢ TLT[SF,SG, SF, SG, M, Ev]
where TL' means positive Boolean combinations and the only negations are
of the form —a for a € T'. Let |®| be the size of ®. We observe |®| < 2|¢p|.
— —
We show that TLT[SF, SG, SF, SG, M, Ev] has a so-called small model property: if
there exists a trace ¢ € M and a position x € t such that ¢,z = ® then there

also exists a small trace s € M (of polynomial size) and a position y € s such
that s,y = @ and |s| < 2|®| - |T).

14



Suppose t,x = ®. By ¢ we mean a subformula of ®. For each ¢ and each
letter a € T' such that there exists y € ¢t with ¢,y | ¥ Aa, we mark a left-most
position £(1,a) € t and a right-most position r(),a) € t such that we have
both, t,4(¢,a) E Y Aa and t,r(1,a) = ¥ Aa. Let s be the subtrace of ¢ that
consists of all marked positions. We claim that for all z € s and all ¥ we have

trEyY = s,c =Y

This holds for ¥ = a and ¥ = —a and positive Boolean connectives. By left-
right symmetry, it is enough to consider subformulas of the form SFp, SGp, Mp
and Evp. The “for all” situations SGp and Evp are trivial (because we have no
Awp). It remain SFp and Mp. Now, if ¢,z = Mp holds then ¢,y = p for some
y € t. Hence t,0(p,\(y)) = p. But £(p, A(y)) is marked, hence £(p, A\(y)) € s
and by induction, s, £(p, A(y)) | p. This implies s,z = Mp.

Finally, suppose t,x = SFp. Let A(xz) = a; and 23 = r(SFp,a;). For
some d > 1 there are marked positions x1,...,z4 € t with (2;,2,41) € E and
x; = r(SFp,a;) for 1 < i < d and with x4 = r(p, aq). By structural induction,
we have s,z = p for d = 2 and, by induction on d, we have s,zs | SFp for
d > 2. In any case, since A(z) = a1 and (a1, A(z2)) € D we obtain s,z = SFp.

Thus, if ¢ is satisfiable we can guess s € M with |s| < 2|®| - |T'|. After that
we check in deterministic polynomial time whether s,z |= ¢ for some z € s. O

A class of languages C' of M is called stutter-invariant if for every language
L € C we have tiaaty € L if and only if t1ats € L for all traces t1,t5 € M and
every letter a € I'. For marked traces (¢,z) we extend this notion by requiring
(traate, x) € L if and only if (¢1ate, f(x)) € L. The function f maps canonically
positions of t;aats onto positions of t1aty. Positions of the prefix ¢; and the suffix
to are mapped to their counter-parts in t1ats and the two positions factor aa in
the above factorization are both mapped to the position of a in the factorization
tyaty. A trace t is called stutter-free if there is no factor aa for any a € T'.

Lemma 6.1 TL[F,(F, Ew](M) is stutter-invariant.

Proof:  Straightforward by induction. O

Let T' = {a,a,b,¢,d,e} and let the independence relation I be given by the
graph

a

N
o/

d c

I =

Theorem 6.2 LetI' = {a,a,b,c,d,e} and D =T xT'\ I where I is the above
independence relation. The following problem is PSPACE-hard:

Input: A formula ¢ € TL[F,Ew] over I,
Question: Is ¢ satisfiable over M = M(T", D) ¢
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Proof: We use a reduction from the following problem which is well-known to
be PSPACE-complete, see e.g. [6].

Input: A formula ¢ € TL[X,F] over {a,a}.
Question: Does there exist a word w € {a,a}" with w,1 = ¢? Here 1
denotes the first position of w.

For w = ay---a, € {a,a}" we define @ = a(bede)ay(bede) - - - an(bede) € M

and for a position i € {1,...,n} of w we define z; as the position of a; in .
a] —p ¢ e b d—+— a3 —p c—— €
1 7
w =
N N
b—d—+— 02 —pc e b d

In a first step, we inductively transform ¢ into a formula ¢ € TL[F, Eco] such
that

wiEp & war EQ (4)
Boolean combinations and atomic formulas are straightforward: @ = a ,mp =
@, and o Vih =@ V.

Fy =F((ava)Ad)
X9 = Eox((aVa) AY)

where Ecox is defined by Ecoxt = Eco(bAEw (¢ AEw(dAEw(e AE®o)))). By
induction, the equivalence (4) holds for all w = ay---a, € {a,a}" and all
positions ¢ € {1,...,n}. In the remainder of the proof we construct a formula
1 such that ¢ is satisfiable over {a,a}Jr if and only if @ A4 is satisfiable over
M. The formula will ensure some normal form on its models. This normal form
is given by the following set of marked traces.

t = pq with max(p) C {d} and
g€ ((a™Uat)btetdret)t and
x is a minimal position of ¢
labeled with either a or @

K=< (t,z)

We define ¢ € TL[F, Eo] with

trEyY & (tx)e K
We note that if (¢,2) € K then the factorization ¢ = pg with max(p) C {d}
and ¢ € ((a™ U@ )bTctdte™)T is unique since in g every vertex labeled with

d is parallel to some ¢, but ¢ ¢ max(p) U min(g). Since a and @ have the
same behavior we use @ as a shorthand for either a or for a. We define ¢ =
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cho A ql)a A wb A wc A djd A 1/J€ A wstart with

a =aVa
Yew = G(—-EwaV -Ewoa)
Ve = G(@— Ecob)
vy = G(b— Ewc)
Ve = G(c— Ewd)
bq = G(d— Ecoe)
e = G(e—(EwoaV Ge))
Ustart = aAA® (bAAw(c— G(a@— Exe)) AEocA(-EwoaV —~Exoa))

One can show that every (¢,2) € K satisfies ¢t,x = 1, where z is the minimal
vertex of ¢ in the factorization ¢ = pq above: Since no vertex of ¢ is parallel to
any vertex in p it is enough to verify that ¢,z = .

For the other direction, suppose ¢,z = 1. By stutter-invariance of the
fragment TL[F, Eco](M) and { K} we can (w.l.o.g.) assume that ¢ is stutter-free,
i.e., t does not contain two consecutive positions with the same label. With
YEp We ensure that no position in the future of z has both parallel, ¢ and a@.
(Remember that ‘G’ means “globally in the future”.) This implies that every
position in the future of x is parallel to at most two different letters. Formulas
Va, Yy, Ve, g and 1, assure that starting from z with label @ we can always
follow a path @, b, ¢, d, e of parallel occurrences by using the Eco operator.
Furthermore, if we have not reached a maximal vertex e, we must move from e
to some parallel @; and we have to start all over again. With 94t We ensure
a well-defined starting configuration. We start from a position x labeled by a
and all parallel vertices of x are labeled by b and from none of those b’s we can
reach a position in the past of z which is labeled by c. All ¢’s that we can reach
using two Eco operators are therefore in the future of x. Additionally, we have
to repeat the constraints of 1, and g, for concurrent b’s.

Using ¥g, and 9, we can treat @ as if it were a single letter. From tga,¢ we
conclude t = pabq’ such that every maximal element of p is dependent of both, @
and b. Therefore max(p) C {d}. Furthermore there exists some ¢ in ¢’ such that
the letter b in pabq’ is concurrent to that c. By stutter-freeness of ¢ it follows
that {a@,b} N min(¢’) = ® and hence min(q¢’) C {¢,d, e}, but min(q¢’) C {d, e} is
not possible because this would contradict the existence of some parallel ¢ for b
since d and e are both dependent of b. Hence ¢’ = cq and we can write t = pabcq.
Now by . there exists a d that is parallel to ¢. Since (d,a), (a,c) € D, this d
has to be in ¢. We have min(q) C {a,d, e}. As before we conclude ¢ = dq since
min(q) C {a, e} is not possible. We can continue with ¢ = pbedq where p = pa.
The situation is analogous to t = pabeg, we only moved one step on the cycle of
the independence relation I.

N,

I = \ /

d c
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This process can only stop if t = p(abede)™r and the last e in (abede)™ satisfies
Ge. It follows that r is empty, since r can only contain the letters {a,d, e} but
none of them can be minimal.

This shows that if ¢ € TL[X, F] is satisfiable over {a,@}" then A1 is also
satisfiable over M. For the other direction, suppose there exists a trace t € M
and a position x € ¢ such that t,z | @ A1. By construction of ¥ we have
t = pq with maxp C {d} and ¢ € ((a™ Ua™)bTcTdTeT)t. Moreover z is a
position in g. With the temporal operators F and Eco we cannot reach positions
in p. Tt follows ¢,z = @ At. By stutter-invariance of TL[F, Eco] there exists
q¢ € ((a Ua)bede)t such that ¢',2’ &= @A+ where 2’ is a minimal position
labeled by either a or @. By (4) we conclude that ¢ is satisfiable over {a,a}".

O

Remark 6.1 It has been shown in [11] that the uniform variant of the above
satisfiability problem is in PSPACE:
Input: A dependence alphabet (T, D) and a formula ¢ € TL[SF, (S_F, Ew].
Question: Is ¢ satisfiable over M = M(T", D) ¢

Theorem 6.3 The following problem is in NEXPTIME:
Input: A dependence alphabet (T', D) and a formula ¢ € FO?[E).
Question: Is ¢ satisfiable over M = M(T', D) ¢

Proof: Replace in ¢ € FO?[F] each atomic predicate (z,y) € E by z <
yA(AMx),A(y)) € D. We obtain a formula ¢* of size at most |p| - |T'| such that
0 # L(p) C M if and only if § # L(p*) C IT'*, see also Lemma 2.2. Having done
this, we can apply the known NEXPTIME-algorithm on words, [7]. O

Remark 6.2 It was shown in [23] that if T is not part of the input then
the satisfiability problem for FO*[<](I'*) is Np-complete. Therefore, for fized
dependence graphs (T, D) the reduction technique of Theorem 6.3 yields Np-
completeness of the following problem:

Input: A formula ¢ € FO?[E].

Question: Is ¢ satisfiable over Ml = M(T', D) ¢

Theorem 6.4 The following problem is in EXPSPACE:
Input: A dependence alphabet (T, D) and a formula ¢ € FO*[<].
Question: Is ¢ satisfiable over M = M(T", D) ¢

Proof: ~ For membership in EXPSPACE, replace ¢ € F02[<] according to the

proof of Lemma 4.1 in order to obtain an equivalent formula ¢ € TL[SF, <S_F7 Ewo]
of exponential size such that ) # L(¢) € M if and only if § # L(v) C M.
Having done this, we can apply the PSPACE algorithm for local temporal logic
on traces, [11]. O

Theorem 6.5 The following problem is NEXPTIME-hard:
Input: A dependence alphabet (', D) and a formula ¢ € FO?[<].
Question: Is ¢ satisfiable over M = M(T", D) ¢
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Proof: 1t is shown in [7] that the following problem is NEXPTIME-hard:

Input: A finite set of unary predicates ¥ and a formula ¢ € FOQ[] using
only the predicates in ¥ and equality as atomic propositions.

Question: Does there exist a word w € (22)* such that w |= .

We reduce this satisfiability problem over words to the problem over traces
above. We simulate the underlying word-alphabet of exponential size by con-
currency. We let $, ¢ and # be fresh letters and we define a dependence alphabet
by I' = X U {8, ¢, # } such that all letters in ¥ U {$, ¢} are independent of each
other and dependent of #. Let ¢ € FO?[] and let z and y be the only two vari-
ables in ¢. Note that the only binary atomic predicate in ¢ is z = y. By FO?[||]
we denote the fragment of F02[<] where z || y is the only binary atomic propo-
sition. The formula ¢ is now transformed into a formula $ € FO?[||] € FO?[<]
using the following rules:

a(x) =3y (z | yAaly))

We see that the purpose of the letter $ is to suit as position for the variable
x and the letter ¢ is for the variable y. We define ¢ € FO?[||] to ensure that
models always have suitable positions for z and y:

¥ =V (#(@)V
(S(x) A3y (z | yne(y)) vV
(e(x) ATy (@ || y AS(y) v

Byl yrew) A3y lyAsy))))

A word w = {ai,...,a;}---{al,...,a}} over the alphabet 2* is transformed
into the trace w = $¢ai ---aj# - #8$cal - - - a} € M. We have

wEY & WEPANY & #UEPGAY & UH# EOANY & H#Uf# FEPAY

The hardness result now follows since L(@ A1) is stutter-invariant. O

Remark 6.3 The proof above shows actually more since NEXPTIME-hardness
is shown for the fragment FO?|||| without equality. However, it remains open
whether the problem in Theorem 6.3 is NEXPTIME-complete because FO?[||] is not
a fragment of FO?[E], see (the proof of) Theorem 5.2. It is also open whether
the problem in Theorem 6.4 and 6.5 is EXPSPACE-complete.
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7 Ehrenfeucht-Fraissé games

The central questions in this section are: What is the relation between the
fragments FO?[<](M) and Ay[<](M)? When is ,,[E](M) a proper subclass of
Yal<]M)? And: Is I, [<](M) contained in ¥, 1[E](M)? A main tool in an-
swering these questions are Ehrenfeucht-Fraissé games. In [8] an Ehrenfeucht-
Fraissé game is defined for the linear temporal logic on words with three oper-
ators: until, eventually and next. We adapt this game in order to characterize
simple fragments of temporal logic on traces.

Definition 7.1 (EF game for TL[SF, <S_F, Ew]) Ehrenfeucht-Fraissé (EF) games
are pla%d by two persons, called here Spoiler and Duplicator. For the fragment
TL([SF, SF, Ew] with n rounds it is played on two traces to = [V, Eo, No] and
t1 = [Vi, E1, M| using one pebble for each trace. A configuration of the game is
a pair of positions (xg,x1) € Vo X Vi currently occupied by the pebb{lﬁs. In each
round, Spoiler selects a side o € {0,1} and one of the moves SF, SF and Eco.
The rules are simple:

SF:  From a position x the pebble is moved to a position y such that x < y.

<S_F: From a position x the pebble is moved to a position y such that y < x.
Ecwo: From a position x the pebble is moved to a position y such that x || y.

First, Spoiler moves the pebble on t, and next, Duplicator carries out the same
type of move on t1_,. This defines one round. Spoiler wins if either Duplicator
cannot move his pebble according to the rules or if, after some round the pebbles
lie on differently labeled nodes. Duplicator wins if this never occurs within n
rounds.

Lemma 7.1 Letn € N and s,t € M with x5 € s and xy € t. Then the following
propositions are equivalent:

i. Duplicator has a winning strategy for the game in Definition 7.1 with n
rounds played on the traces s,t starting at configuration (s, xy).

it. (s,zs) and (t,z.) are models of exactly the same TL[SF,<S—F, Ecwo] formulas
with depth n.

Proof: For n = 0 this is true, because at two positions the same formulas of
depth 0 hold if and only if they have the same labels. Let n > 0. Let SFp
be a formula of depth n such that (without loss of generality) s,xs | SFo,
whereas t, z; = SFp. In the game with n rounds starting with the configuration
(xs,x¢), Spoiler can select the SF move and a position ys > z; with s,ys = ¢, as
opposed to Duplicator, who will find no analogous position y; > x;. Therefore,
Spoiler wins this game by induction. The other temporal operators are handled
analogously.

For the other direction let Spoiler win the game starting with the config-
uration (xg,2;) within n rounds. If the positions have different labels, then
s,xs = A(xs) whereas t,z; = Mxs). Otherwise Spoiler makes his first move.
Without loss of generality let this first move be SF on s. Spoiler moves his pebble
to ys. By induction, for every position y € ¢ with y > z; there exists a formula
¢y of depth (n — 1) such that s,ys = ¢, and t,y [£ ¢y Let o = A\ . ¢y
Then by construction s, xs = SFe and ¢, z; = SFe. O In the proof above
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we used the fact that s and ¢ are finite traces, but this is not essential because
there are only finitely many formulas of a given depth. Therefore a conjunction
/\y>zt @y over formulas of depth n — 1 is always finite.

Theorem 7.1 There exists a trace monoid M such that the ¥1[<| definable
language
L={teM | Iz,y,ze€t: (x||lyAyllzAz]x)}

of traces with three pairwise independent vertices is not in FO?[<](M).

Proof: The formula 3z,y,2: (z ||y Ayl 2 A 2| z) € £1][<] expresses L. Let
M be a trace monoid over the alphabet I' = {a,b,c,d, e, f,# }. The graph of
the dependence relation D is

\
/

b
~

D = #

€ C

~ 7
d

\
/

The maximal sets of pairwise independent letters are {a,c,e} and {b,d, f }.
Now, we show that L is not in TL[SF, §:, Ew]. Let r = acbdcedfeafb. For an
arbitrarily chosen n € N consider the traces p = 72"*1 and ¢ = acebdf. The
trace p looks as follows

e— f+—a b c d—e— f—bpa—p

i

a b c d e— f—a b c d

and the Hasse diagram of #q# is

#zi;;
N A

€*>f

We combine p and ¢ in order to build the larger traces s = (#p)>"*! ¢ L and
t = (#p)"#q(#p)™ € L. We say that p and ¢ are segments of s and t. We
numerate the segments of s and ¢ with numbers running from —n to n from
left to right. All segments of s and ¢ consist of p, except for segment 0 of trace
t, which is q. Every segment that corresponds to p is further subdivided into
2n + 1 blocks with numbers running from —n to n such that all blocks consist
of r.
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Consider the n-round Ehrenfeucht-Fraissé game for TL[SF, <S_F, Ew] played on
the traces s and t. We start on both traces with pebbles on the unique minimal
positions. In all blocks, except the outermost ones —n and n, every position has
parallel occurrences of all letters that are independent. Although there do not
exist three parallel positions in s, we will use this fact to mimic three parallel
positions in order to construct a winning strategy for Duplicator.

The main strategy of Duplicator is to copy all moves of Spoiler. The behavior
on the segments 0 of s and ¢ is not evident, therefore we will describe the
strategy of Duplicator for this case. Whenever Spoiler accesses segment 0 of
trace s, Duplicator avoids placing the pebble on segment 0 of trace ¢ by putting
his pebble to the corresponding position of either segment —1 or 1 of trace ¢.
In the up to n — 1 remaining rounds it is possible for Duplicator to keep a
maximal difference of 1 between the numbers of the segments. If Spoiler moves
his pebble on segment 0 of trace ¢, Duplicator responds by placing the other
pebble on an identically labeled position of block 0 of either segment —1, 0 or 1
of trace s. From this position he can mimic all possible Eco-moves of Spoiler on
t. Each Eco-move of Spoiler could force Duplicator to increase or decrease the
block number by 1. Since there occur at most n — 1 of these moves and there
are n blocks to the left as well as to the right, Duplicator wins the game. By

Lemma 7.1 it follows that L ¢ TL[SF, SF, Eco](M) = FO?[<](M). 0

Since ¥ [<](M) C Aq[<](M), it follows from Theorem 7.1 that there exists a
trace monoid M such that FO?[<](M) is not a subset of Ay[<](M).

Next we will introduce Ehrenfeucht-Fraissé games for ¥,[<]. In order to
characterize this first-order fragment with games, we first have to refine it.
We inductively define X7[<]. Intuitively, n describes the number of quantifier
blocks and m the number of nested bound variables. More formally: the formu-
las without quantifiers constitute $3[<]. A formula ¢ is in £™[<] if and only if
it is a disjunction of formulas of the form

dxq -+ - dxp—p

with 0 < k < m and ¢ € X" F[<]. We assume that all variables in a X7[<]
formula are distinct. We have ¥,,[<] = |,y 2 [<]. For the Boolean closure of
¥,[<], Thomas presented an Ehrenfeucht-Fraissé game [22]. It can be modified
in order to describe ¥, [<]. The main difference consists of the fact that X, [<]
is not closed under complementation. If we want to capture this fragment, it
is therefore insufficient to determine whether two traces s and t are equivalent
or not. Instead, we ask if s models at least the same 3,,[<] formulas as ¢ does.
Following [13] it is possible to characterize the X7"[<] fragments by limiting the
number of pebbles to m € N.

Definition 7.2 (Ehrenfeucht-Fraissé game for ¥7'[<]) The set of configura-
tions for the game played on the traces to and t1 with nodes Vi and Vi, re-
spectively, is Vi x Vi* x {0, 1} with the restriction that the size of the first two
components is equal and does not exceed m. The first two components of the
configuration are interpreted as a distribution of pebbles on the two traces: a
pebble labeled with i lies at position x; € V; whenever x; is the i-th character of
the word corresponding to j € {0,1}. The third component contains the number
of the trace where Spoiler will carry out his next move. Let (wg,wy,0) with
lwo| = |w1| < m and o € {0,1} be the current configuration, then the next turn
is carried out as follows:

22



o Spoiler takes i < m — |wo| pebbles and distributes them on trace t, by
assigning them positions x1---x; € V.

e Duplicator places identically labeled pebbles on nodes yy ---y; € Vi_, of
the other trace.

e The new configuration is (Woxy - Ti w1Y1 - Yi, L — 7).

The game for X" [<] consists of n rounds. Duplicator wins if and only if initially
and after each of these rounds, the partial mapping Vo — Vi : wo(j) — wi(j)
with 1 < j < |wg| = |wy| induces an isomorphism with respect to the labels and
the relation <.

Lemma 7.2 Letn,m,k € N and s,t € M with sequences ws € Vsk and wy € V;k.
Then the following propositions are equivalent:

i. Duplicator has a winning strategy for the game on s and t from Defini-
tion 7.2 with n rounds, maximally m pebbles, and starting with the config-
uration (ws,wy,0).

it. For all ¢ € X[<] with k free variables we have that s,ws = ¢ implies

t,w, = .

Proof: The lemma holds for n = 0, as without any rounds Duplicator wins
the game if and only if in the initial configuration, the k pebbles are isomorphi-
cally distributed on both traces, which amounts to saying that the same :[<]
formulas hold for (s,w,) and (t,w;). Suppose n > 0. Let wy, € VE w, € V¥
be interpretations such that the partial mapping Vi — Vi @ ws(j) — we(j),
1 < j <k induces an isomorphism with respect to the order relation < and the
label function A.

(i. = ii.) Suppose Duplicator has a winning strategy for the Ehrenfeucht-
Fraissé game with n rounds starting from the configuration (ws,w,0). The
number 0 in the configuration means that Spoiler starts to play on trace s. Let
p € ¥[<] be a formula with the free variables z1,. ..,z such that (s, ws) is
a model of p. Without loss of generality, we assume that 3 (and not V) is the
outermost junctor, i.e., ¢ = 3rgy1 - -- Irpye ) with £ < m and ¢ € "7 [<].
Now let Spoiler distribute ¢ pebbles on positions z1,...,zy € V, such that —
holds on s with the interpretation vy = wsx122---x¢. If Duplicator proceeds
according to his winning strategy, he obtains positions y1,...,ys € V;. We set
vy = w1y - - - Ye. Now, Duplicator wins the game with n — 1 rounds and up to
m — ¢ pebbles starting from the configuration (v, v, 1) which is symmetric to
(vt,vs,0). By induction hypothesis the implication t,v; =9 = s,vs = 9 holds.
Hence, from s,vs = =1 we can conclude ¢, v; = = and therefore ¢, w; = ¢.

(ii. = 1.) Assume that Spoiler has a winning strategy starting from the
configuration (ws, wy, 0). Let his first move according to this strategy consist in
placing ¢ < m pebbles on s. Let vs; be the new configuration on s. Now, after
every possible response of Duplicator, Spoiler has a winning strategy with at
most n — 1 rounds starting on trace t. By induction, for each v € w;V}’ there
exists a formula ¢, € ¥™f[<] such that t,v = v, and s,vs ¥ 1,. Since the
range of possible values for v is finite, we can construct ¢¥* = \/, v,, which in
turn is a ¥~ f[<] formula. By construction we have

s,ws = Jxy -+ Jxp b whereas t,wy £ Jxy - - Jxp p*

The lemma now follows by contraposition. O
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Theorem 7.2 For every n > 1 there exists a trace monoid M and a trace
language L C M with

L € FO*[<](M) NI, [<](M) but L & %,[<](M)

Furthermore, L is the complement of a language L3(p) where ¢ is a TL[E®]
formula with n occurrences of the operator Eco.

Proof: Let m € N be arbitrary, and let a series of dependence alphabets
(Ty, Dy), n > 1, be given inductively by I'y = {a1} and T',, = T',,_1 U{an,b,}
with the dependence graph D, = D, _1—b,—a, or, more formally, D; =
{(a1,a1)} and D,, = D,,_1 U T, x {b,} U {b,} x 'y, U {(an,a,)}. This means
that each alphabet I',, with n > 2 introduces a letter a,, which is independent
of all preceding letters, and a letter b, that depends on all letters. For n € N,
let £, = (m 4+ 1)™. We also define the traces sy = 1, t; = a1, and

Sn = (bnantnfl)en

tn = (bnantnfl)zn “bpQnSn—_1 - (bnantnfl)en

such that s,, and ¢,, are traces over the dependence alphabet (T, D,,). The b,,’s
partition these traces into blocks. We number these blocks from 1 to £, on s,
and from —/¢, to £, on t,. Within each block, the position labeled with a,, is
parallel to all other positions. Below, we depict the blocks —1, 0, and 1 of the
trace t,.

tn—1 Sn—1 tn—1

e ~ ~N S
b'IL n bTL

N 7N TN

429 29 29
We define the TL[Ew] formulas ¢ = a1 and ¢, = a, A-Eop,_1 for n > 1.
Let x be the position of a,, in the 0-th block of ¢,,. For all n > 1, by induction
we have t,,z = ¢, whereas there does not exist y € s, with s,,y E ¢,. It
follows t,, € L3(y,) and s, € L3(p,). The formula ¢, has operator depth
n — 1 and hence My,, has operator depth n. This implies that the language
La(¢n) = L(Me,,) can be expressed by a X, [<] sentence.

In order to show that the complement of L3(¢y,) is not in ¥,[<](M) we
consider the Ehrenfeucht-Fraissé game for ¥"[<] played on the traces s, and
t,, i.e., there are n rounds, m pebbles, and Spoiler places his first pebbles on
Sn. Using induction, we describe a winning strategy of Duplicator for this game.
The case for n = 1 is trivial: Spoiler cannot place any pebbles since s is empty;
therefore Duplicator wins by not placing any pebbles. Assume n > 1, then in
the first round, Spoiler places m’ < m pebbles on s,,. Because this trace consists
of £,, blocks, there must remain a big continuous gap of # = (m + 1)"~! blocks
without any pebbles. Let such a gap start after the k-th block and consider the
following factorizations of s,, and t,:

k o T
Sp. =P - p p

ln—k k+e' pen—k—i/

t, =p" - pFap

where p = bpant,_1 and ¢ = b,a,s,_1. Duplicator can imitate the move of
Spoiler on the outer factors of ¢,. For the remaining rounds, we can ignore
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the outermost factors of both traces because they are identical. By induction
we know that Duplicator wins the game on s,,_1 and t,_1, i.e., for the rest of
the game, the blocks p and ¢ cannot be distinguished. Note that the change
of ends enforces Spoiler to make his next move on the s,,_1-side. Both middle
factors consist of at least (m + 1)"~! blocks, and there are n — 1 rounds to
play. Therefore, the different number of blocks in s,, and ¢,, is no advantage for
Spoiler and hence, Duplicator wins the game. By Lemma 7.2 we conclude that
sn € L(¢) implies t,, € L(¢) for all formulas ¢ € X"[<]. This shows, that for
all n € N, no X"[<] formula can express the complement of L3(y,,) and since
Enl<l =U,, Zn<] we have L = M\ L3(py) is not in X, [<](M). O

Theorem 7.3 The following assertions are equivalent:
i. D is transitive, i.e., Ml is a direct product of free monoids.
ii. In > 1: T, [E)M) = 3, [<](M).

iti. In > 1: I, [<](M) C X1 [E](M).

Proof: The implications from (i.) to (ii.) and from (i.) to (iii.) are obvious
since if (i.) holds then F and < are identical. The implication from (ii.) to
(iii.) follows from the basic fact that IL,[<](M) C X, 41[<](M). Note that if
31 [E](M) = Z1[<](M) then the example in Theorem 5.2 shows that D has to
be transitive. For the remaining direction (iii.) to (i.) assume that D is not
transitive. Then there exist letters a, b, ¢ with the dependencies a—b—c. We
show that for each n > 1 there exists a language L+ in II,[<](M) that is not
in X,,11[E](M). Define the traces s; = ach, t; = abeb, and for n > 1:

Sn+1 = (tnb)Z
tny1 = (tnb)* - sub- (tnb)*

where ¢ > 1 is an arbitrary number. We refer to the factors t,b and s,b as
blocks. We number the blocks from 1 to £ in s,, and from —¢ to ¢ in ¢,,. For
n > 2 every block in s, and t, ends with n occurrences of the letter b and
this is the only occurrence of n consecutive b’s in each block. Additionally, the
minimal elements of blocks are not labeled by b. Hence, the factors b™ partition
the blocks. Note that to |= Jx3Jy: x || y whereas s = JxTy: « || y. Hence for
the IIy[<] formula

Yoz, y) = ||y

we have sy € Lo = L(VzVy —)a(x,y)), but to € Lo. By induction, suppose that
we have a formula 9, (21, ..., z2,) in IT,_o[<] with 2n free variables such that

Sn EVEy - Vaon: (21, ..., Tap)
tn ): Elxl "'Elen: ¢n(x1a"'7x2n)

and (for n > 2) all bound variables of 1, are relativized to lie between =z,
and xo,. This property is related to the definition of blocks. Using 1, we
construct a formula ¢, € I,_1[<]. Let y1,...,ynt1 and z1,...,2,41 be
new variables. For n > 2 the idea is that the formula ;1 expresses that
Yly---sYn+1 and 2q,..., 2,41 are the borders of an s,-block, i.e., a block that
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satisfies VZ: -, (T). For n = 2 we only express that yi,...,yns1 is the left
border of some block 7 and that 21, ..., 2,41 is the right border of some block j
with ¢ < j and within these borders there are no parallel positions. We give an
informal description of ¢, 4:

z/}’nri»l(ylv‘"7yn+17217"'7zn+1) =
Y1 < Yo << Ypgp1 <21 <22 << Zpg1 A
“all y; and all z; are labeled by b” A

Vx: “x does not lie between any two consecutive y;’s” A

a7

Vz: “x does not lie between any two consecutive z;’s” A

Tni1(Unt1,21) A

Vaq---Vag,: “all x; lie between y, 41 and 2z,41”

— _‘Qﬁn(xl, . ,Z‘Qn)

where for n > 2 we define

Ont1(y,2) = Yoy Ve, gq: (y <xp << Tpp1 <2z A /\ AMz;) = b)
1<i<nt1

— (333: \/ T << CCZ'+1)

1<i<n41

The formula o,41(y, 2) is true if there are no n + 1 consecutive occurrences of
the letter b between y and z. Note that o,41 € II3[<] which for n > 2 yields
Yp+1 € I,—1][<]. For n = 2 we define o3(y,z) = T which yields ¢3 € II;[<].
For n = 2, block 0 in trace t3 contains no parallel positions whereas all blocks in
trace sz contain some parallel positions. The formula 13 uses this property to
distinguish between ss and t3. For all n > 2 the formula 1,11 has the desired
relativization property and for all n > 1 we have

Spy1 [ VTr - 'V$2(n+1) C g (2, 71’2(n+1))
tn—i—l ): 3&31 e 3x2(n+1) : '(/)n-',-l (]}1, e ,.132(”+1))

where for n = 1 and n = 2 this holds by construction and therefore for n > 2
it follows by induction since t,; contains an s,-block whereas s, 1 contains
only t, blocks. Altogether, this shows that for all n > 1 there is a language
L1 € I,[<](M) such that sp11 € Lny1 and tp41 € Lpi1 just by taking
Lypy1 = L(Vo1 - - Voo(41) 0 7).

We now show for all n > 2 that L, ¢ 3,[E](M) holds. For this purpose
we verify that L € ¥, [E](M) and s,, € L implies ¢, € L where the exponent
£ in the construction of s, and t, is chosen to be large enough. It is easy to
see that one can define an Ehrenfeucht-Fraissé game for ¥ [E] with m pebbles
and n rounds similar to the game in Definition 7.2 such that an analogue of
Lemma 7.2 holds. We now fix the number m of pebbles. Let the exponent ¢ in
the definition of s,, and ¢, satisfy ¢ > (m + 1)"”. Analogously to the proof of
Theorem 7.2 we inductively describe a winning strategy of Duplicator for the
game played on s,, and ¢,. Again, the idea is to put the big irregular part of ¢,
into the middle of a big pebble-free gap. For n = 1 the strategy of Duplicator
is simple. He copies the move of Spoiler and hence does not place any pebbles
on the positions labeled by b in t; = abecb. Let now n > 1. In the first round,
Spoiler places m’ < m pebbles on s,. Due to the large number of blocks,
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there exists a big continuous sequence of £ > (m + 1)"~! blocks in s,, without
any pebbles. Let such a sequence start after the k-th block and consider the
following factorizations of s,, and t,:

_ .k o (—k—t'
S =D - p P

tn = p . ptFgpitl . ptht

where p = t,_1b and ¢ = s,,_1b. Duplicator imitates the move of Spoiler on
the outer factors of ¢,,. By induction, Duplicator wins the game on s,_; and
tn—1 and therefore, for the rest of the game, the blocks p and ¢ cannot be
distinguished. By aperiodicity, the different number of blocks does not help
Spoiler. Therefore, for n > 2 we have L,, ¢ X, [E](M) and hence II,, 1 [<](M) €
SL[E)(M). O

Conclusion

Over words there exist a lot of logical and language-theoretic characterizations
of the variety DA. In Theorem 5.1 we have shown which of them carry over to
traces. In Theorem 5.2 we have shown that the distinction between dependence
graphs and partial orders is crucial. Over words, the relations F and < coincide
but over traces, as soon as E and < are different, the fragments FO?*[<] and
A, [<] have strictly more expressive power than their counter-parts FO*[E] and
As[E], respectively. That in general FO?[<](M) and Ay[<](M) are incompa-
rable is a consequence of Theorem 7.1 and Theorem 7.2. We summarize the
general situation in the following diagram (in which we omitted the suffix (M)
in all fragments):

DA = TL[SF, 5F)
= TL[SF, SF, M]
= FO?*[F]

= Ao[E]

= Pol N co-Pol
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For both, FO?[E] and FO?[<] we have given equivalent characterizations in
terms of temporal logic. For TL[SF, §F, M] — the counter-part of FO?[E] — we
have shown that the satisfiability problem is in NP whereas the satisfiability
problem for TL[SF, <S_F, Eco] — the counter-part of FO?[<] — is PSPACE-hard.

Even for fragments in which one can express < by only using quantification
over FO[FE]-formulas, the distinction between E and < makes a difference. As
soon as E and < are different, we have that ¥, [E](M) is a proper subset ,,[<
](M) and that IT,, [<](M) is not contained in ¥,,+1[E](M) for all n > 1. This is in
contrast to the fact that IT, [<](M) C X,,11[<](M). For the fragment ¥5[FE](M)
we have given a language-theoretic characterization in terms of polynomials in
Corollary 3.1.

Zn-i-l[<]

I

N

Several problems remain open. Despite the complexity results in Theorem 6.3
and in Theorem 6.4, completeness results for the satisfiability problems for the
fragments FO?[E] and FO?[<] are still missing. Furthermore, no algebraic char-
acterizations of FO?[<](M) and Ay[<](M) are known. Such characterizations
could be useful in order to get elementary algorithms for checking membership
in those fragments. One of the problems in this task is that FO?[<](M) and
A3[<](M) do not form language varieties.
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