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Abstract

We show that some language theoretic and logical characterizations of recognizable word
languages whose syntactic monoid is in the variety DA also hold over traces. To this
aim we give algebraic characterizations for the language operations of generating the
polynomial closure and generating the unambiguous polynomial closure over traces.

We also show that there exist natural fragments of local temporal logic that describe
this class of languages corresponding to DA. All characterizations are known to hold for
words.



1 Introduction

Traces were introduced by Mazurkiewicz as a generalization of words to describe the
behavior of concurrent processes [4]. Since then traces have become a rather popular
setting to study concurrency. A lot of aspects of traces and trace languages have been
researched, see [1] for an overview.

Over words it has turned out that finite semigroups are a powerful technique to refine
the class of recognizable languages [2]. Two natural operations on classes of languages are
the polynomial closure and the unambiguous polynomial closure. For particular classes
of languages, so called language varieties, it has been shown that there exist algebraic
counterparts in terms of the so-called Mal’cev product [9]. In Section 3 (resp. Section 4)
we will show that this correspondence between the Mal’cev product and the polynomial
closure (resp. the unambiguous polynomial closure) for restricted varieties also holds over
traces.

In Section 5 we tighten these results in the particular case of the class DA of finite
monoids to get two language theoretic characterizations of the class of trace languages
whose syntactic monoid is in DA. In Section 6 we show that over traces the fragments of
local temporal logic TL[XF, YP], TL[XF, YP,M] and TL[X,, Y,] also express exactly these
languages. All three characterizations are known to hold for words [10, 11].

2 Preliminaries

A set S is a semigroup if it is equipped with an associative binary operation. The set S
forms a monoid if it is a semigroup and if there exists a neutral element, i.e. an element
denoted by 1 and satisfying la = a = al for all a € S. An element e of a semigroup
is called idempotent if €2 = e. A mapping 1 : S — T between two semigroups S and
T is a semigroup homomorphism if n(ab) = n(a)n(b) for all a,b € S. If furthermore S
and T are monoids and n(1) = 1, then 5 is monoid homomorphism. A relation 7 C
S x T is a relational semigroup morphism between semigroups S and T if 7(a) # 0
and 7(ab) C 7(a)7(b) for all a,b € S whereas 7(a) = {c€T | (a,¢) €7}. In the
context of monoids we additionally require 1 € 7(1) and then 7 is called a relational
monoid morphism. If there is no confusion or if the statement holds in either case we
omit the terms relational, semigroup and monoid and only use the words morphism and
homomorphism. As for functional homomorphisms, we also use the notation 7 : S — T
for morphisms. For two (homo)morphisms 7 : S — T and v : S — R we define their
product n xv:S =T x R:aw— (n(a),v(a)).

The graph of a morphism 7 : S — T is defined as graph(7) = { (a,¢) | c € 7(a) }. It is
easy to see that graph(7) is a subsemigroup (resp. submonoid) of S xT'. For any relational
morphism 7 : S — T the projections m; : graph(7) — S and 7y : graph(r) — T satisfy
7(a) = mo(my (a)) for all a € S, i.e. 7 = my 07, ', The condition 7(a) # () for all @ € S
implies that 7 is onto. In fact, whenever we have two homomorphisms o : R — S and
B: R — T and « is onto, the composition Boa~!: S — T forms a relational morphism
[6].

An ordered semigroup is a semigroup S equipped with a partial order relation <



such that a < b implies ca < ¢b and ac < be for all a,b,c € S. Every semigroup S
forms also an ordered semigroup (S, =). For homomorphisms between ordered semigroups
n: (S, <) — (T, =) we additionally require a < b = n(a) < n(b) for all a,b € S. More
details can be found in [7].

We are interested in the interplay between classes of finite monoids and classes of
recognizable subsets of infinite monoids. The connection between them is the syntactic
congruence. Let L be a subset of a monoid M. Then the syntactic congruence ~;,C MxM
of L is defined by

pr~rpqge (Yu,v € M:upy € L uqu € L).

The natural homomorphism sy, : Ml — M/~ 1 p + [p]  is called the syntactic homo-
morphism of L. The monoid M (L) = M/~ is called the syntactic monoid of L. The
syntactic quasiordering <p, of L is defined by p <; ¢ < (Vu,v € M: uqv € L = upv € L).
The relation <; induces a partial order on M (L) such that (M (L), <p) forms an ordered
monoid. It is called the syntactic ordered monoid of L.

Equations are one possibility to describe classes of finite semigroups. Let 2 be a
finite set and let w,v € Q1 (resp. Q* for monoids). A semigroup S satisfies the equation
w = v, if for all homomorphisms 7 : O — S we have n(w) = n(v). In a finite semigroup
the unique idempotent power of an element a is denoted by a*. We also allow the w-
operator in equalities and define n(w*) = n(w)¥. By [w = v] we denote the set of finite
semigroups (resp. finite monoids) satisfying w = v. Analogously, we can define the class
of finite ordered semigroups satisfying an inequality w < v.

The next possibility we will need in order to define classes of finite semigroups is the
Mal’cev product. Let V and W be two classes of finite semigroups. A semigroup S is
contained in the Mal’cev product W @V of V by W if there exists a semigroup 7' € V
and a relational morphism 7 : S — T such that for each idempotent e € T the set 7!(e)
forms a semigroup in W.

Let X be a finite alphabet and I C ¥ x 3 be a symmetric and irreflexive relation. The
trace monoid generated by (X, 1) is the quotient M(X,I) = X*/{ab=ba | (a,b) € I }.
The elements of M(X, I) are called traces, I is called the independence relation and D =
32\ I is the dependence relation. Let w € X*. By [w], we denote the trace generated by
the word w. The word w € ¥* is called a word representative of a trace t € M(X, I) if
t = [w];. As for words, |t| € N is the length of the trace t € M(X, ) and alph(t) C X is
its alphabet, i.e. the set of letters which occur in it. To each trace ¢ we can associate a
graph.

Let w be a word representative of a trace t. With ¢ we can associate a graph (V;, <;
,label;) where V; = {v | v is a position of w } is the set of vertices and

label; : V; — ¥ : v +— “letter of w at position v”
is a labeling of the vertices. Let
— ={(v,x) € V? | v occurs before x in w and (label,(v), label,(x)) € D }.

The set of edges <; is now defined as the transitive closure of —;. The relation <; is a
(strict) partial order on V;. Up to isomorphism, the definition of this graph is independent



of the choice of the word representative. In fact, every word representative is a lineariza-
tion of this graph. Therefore, by abuse of notation we will sometimes identify the word
representative w, the trace ¢ and its graph (V;, <, label,).

3 Polynomial closure

In the following, we fix the trace monoid M(3, I') over a non-empty finite alphabet . A
class of finite monoids V is called variety if it is closed under finite products, if it is closed
under taking submonoids and if it is closed under homomorphic images [6]. We will also
use this notion if V is a class of finite ordered monoids [7]. By Com we denote the class
of finite commutative monoids [zy = yx ] and by J; we denote the class of idempotent
and commutative monoids [z? = x] N Com.

Lemma 3.1 Let V be a variety of monoids such that Ju C 'V and let My, ..., M, € V.
For alli € {0,...,n} let p; : M(X,1) — M; be homomorphisms. Then there ezists a
monoid N € V and a homomorphism n : M(X,I) — N such that for all x,y € M(3, 1)
satisfying n(x) = n(y) the following conditions hold:

1. For all homomorphisms p;, 0 < i < n, we have p;(x) = p;(y).
2. alph(z) = alph(y).

3. Let ' and y' be connected components of x and of y respectively with alph(z') =
alph(y’). Then we have n(x’") = n(y’).

4. If n(x) is idempotent then n(x') is idempotent for every connected component =’ of
x.

Proof: The power set 2* of ¥ using union U as operation forms a commutative and
idempotent monoid. We set

NZQZXHMOX---XMn.

Since 2* € J; C V and since V is a variety, we have N € V. Next we define

n = alph x H((,uox---xun)OWF):M(E,])eN,
rcs

where 7 is the natural projection M(X, 1) — M(T,T?> N 1) : x — mp(z). Note that
M(T, T2 N I) € M(X, ). Condition (1) is verified in the components of N and v corre-
sponding to I' = ¥ and condition (2) is fulfilled by reason of the first component. Let
«" and y" be connected components of x and of y with alph(z’) = alph(y). Let I' C X
and let ¢ € {0,...,n}. To conclude (3) we have to show p;(mr(z")) = w;(mr(y’)). Since
T’ = Taph(z)(2) we have mp(2') = T (Taph(ar) (7)) = 7 () with IV = T Nalph(2’). A sim-
ilar argument for ¥’ and y and n(x) = n(y) implies p;(7r(2')) = pi(mr (z)) = pi(mr (y)) =
wi(mr(y')). Now let n(z) be idempotent. This means that every component of n(z) is
idempotent and since every component of 7(z’) is also a component of (x), we have that
n(z’) is also idempotent. O



We say that a trace t; is a factor of a trace t, if there exist traces s; and s, such that
tQ = 81t1$2.

Lemma 3.2 Let a € X, let to,t; € M(X, 1) and let v € M(3, I) be connected. If xI*H+m
1s a factor of toaty for m € N then there exist mg,my; € N such that mg + my = m and
x™i s a factor of t; fori =0 and i =1.

Proof: The proof is similar to the proof that z* is recognizable if z € M(3, I') is connected
[5, Proposition 6.3.11].

Since z is connected, between any two letters of alph(x) we have an undirected path in
the dependence graph (X, D) of length at most || such that all vertices on this path are
in alph(z). Directed paths following the same labels also exist in z!/* between all vertices
of the first x and all vertices of the last x in this product. There could be some x’s that
have vertices in ¢y as well as vertices in at;. The above argument shows that starting with
the first 2 with this property we could lose at most |X| — 1 many of the a’s of z/*+™ as
factors of tg or aty. The letter a could be a factor of one z. It follows that there remain
m many z’s as factors of either ¢y or ;. a

For a set V of languages over M(X, I') we define the polynomials PolV over V as the set
of languages that are finite unions of languages of the form

Loa Ly - - - anLy,

where n € N and L; € V for all 0 < i < n. We say that a set V of languages over
M(X, I) corresponds to a class of monoids V, if V ={L CM(X,I) | M(L) € V }, resp.
V={LCMZ,I)|(M(L),<r) €V} for ordered monoids V.

Theorem 3.3 Let V be a variety of monoids such that J1 C 'V and let V be the class
of languages corresponding to V. Then the syntactic ordered monoid of every language
L € PolV isin [zyz < z*] @ V.

Proof: We will modify the proof for words presented in [9]. Let L = Loay Ly ---a,Ly,
where L; € V for all 0 < ¢ < n. Let n : M(X,I) — N be as in Lemma 3.1 with
M; = M(L;) for i € {0,...,n}. Let (M(L),<r) be the syntactic ordered monoid of
L and p : M(X,I) — M(L) its syntactic homomorphism. We obtain the relational
morphism 7 =nou~': M(L) — N.

Let e € N be idempotent, let x,y,u,v € M(X, ) such that n(z) = e = n(y) and
let m > n|X| + 1. The trace x can be decomposed into connected components z =
xq - - -z such that alph(x;) x alph(z;) C I for all 1 < # j < /{. Lemma 3.1 (2) implies
alph(x) = alph(y). Hence, the trace y can also be decomposed into connected components
y = y1---ye such that alph(y;) = alph(z;) for all 1 < j < {. Suppose uz™v € L. By
applying Lemma 3.2 up to n times we can conclude that for every j € {1,...,¢} there
exists i € {0,...,n} and a factorization uz™v = 292122923 such that

2y € L0a1L1 s Li,lai
21522 € Lz

23 € Qiy1Liy1 - anlay.



By Lemma 3.1 we have that p;(z;) = pi(y;) is idempotent and therefore we have that
2 :ijflij? 29 € L; for all ky, ks € N. By applying this pumping argument to all connected
components of x, by a suitable choice of the exponents we can conclude uz™yx™v € L.
Thus for all m > n|X| + 1 we have u(z™yz™) <p w(z™) and therefore 771(e) €
[z¥yx® < ¥ ]. This shows (M(L),<p) € [z¥yz¥ < 2*] @ V. Since this Mal’cev prod-
uct forms a variety of ordered semigroups and since language classes corresponding to
varieties are closed under finite unions, we can conclude that PolV is a subset of the class
of languages corresponding to [z“yz¥ < z* ] @) V. O

By mr: ¥ — M(X, ) : w — [w]; we denote the canonical projection from ¥* to M(Z, I).

Lemma 3.4 Letn: X" — M be a homomorphism from ¥* to a commutative monoid M.
Then there ezists a unique homomorphism v : M(X,I) — M such that vom; =n.

Proof: We define v(a) = n(a) for all @ € . Since M is commutative, v can be uniquely
extended to a homomorphism M(X, I) — M. By definition of v we have v([w];) = n(w)
for all w € ¥*. Since ¢ o m; = n implies ((a) = n(a) for all a € ¥, we have that v is
unique. O

The proof of the following lemma can be found in [2] as a special case of Proposition 1.1,
page 186.

Lemma 3.5 Let L C M(X,1) be a trace language and let n : ¥* — M be the syntactic
homomorphism of 77 '(L). Then M is isomorphic to the syntactic monoid of L.

Let V be a variety of finite monoids. We say that ) is the corresponding *-variety if
V={KCYX | M(K)eV}. Asforclasses of trace languages, we define PolV as the
(word) languages that are finite unions of languages of the form Kya K - - - a, K, where
n € Nand K; € V for all 0 < ¢ < n. For a converse of Theorem 3.3 we will use the
following theorem from [9].

Theorem 3.6 (Pin/Weil, 1997) Let V be a variety of finite monoids, let V be the
corresponding x-variety and let K C »*. If the syntactic ordered monoid of K is in
[z9yx® <2z ] @V, then K € PolV.

Now we can proof a converse of Theorem 3.3.

Theorem 3.7 Let V C Com be a variety of finite commutative monoids, let V be the
class of languages corresponding to 'V and let L C M(X,I) be a trace language. If the
syntactic ordered monoid of L is in [2¥yx? < 2* ] @)V, then L € PolV.



Proof: Let K = w;*(L). By Theorem 3.6 we can conclude that

K = U Ki,O ;1 Ki,l c Qi K; n;

b
1<i<m

for m,nq,...,ny €N, aq;; € ¥ and K;; C ¥* such that M (K, ;) € V. By Lemma 3.4 we
have 77 'm; (K, ;) = K;; and by Lemma 3.5 we can conclude that the syntactic monoid of
Li,j = 7TI<KZ',j> isin V. Hence

L =m(K)=m ( U Kio ain Kix - ain, Kzn)

1<i<m

= U wr (Kio) aiq mp (K1) -+ @i, 71 (K p;)

1<i<m

= U Li,O Q1 Li,l ct Qg Li,ni € PolV.
1<i<m
|

Corollary 3.8 Let J; € V C Com be a variety of finite monoids and let V be the
corresponding variety of trace languages. Then PolV corresponds to [ x“yz? < z* ] @) V.

Let V be a class of trace languages. By coPolV we denote the class of trace languages L
whose complement L is in PolV. Since the syntactic ordered monoid of the complement
L of a trace language L is (M(L),<7) = (M(L),<;') we obtain the following corollary.

Corollary 3.9 Let J; € V C Com be a variety of finite monoids and let V be the
corresponding class of trace languages. Then coPolV corresponds to [x“yx® > z* ] @)'V.

A class V of trace languages is a language variety if it is closed under boolean operations,
under inverse homomorphism and under quotients [2]. A left quotient of L is a 'L =
{t]at €L} for a € ¥. Right quotients are symmetric. It is well known that a class of
languages that corresponds to a variety of monoids forms a language variety [2]. Since

[z9yz” < 2]V N [2¥yz” >z ]@V = [2¥yz® =2 ]V

and since [2¥yx® = z* ] @'V is a variety if V is a variety [9], we obtain the following
corollary.

Corollary 3.10 Let J; € V C Com be a variety of finite monoids and let V be the
corresponding variety of trace languages. Then PolV M coPolV is a language variety that
corresponds to the variety [ x“yz* = 2] @ V.



4 Unambiguous polynomial closure

Let v be a position of a trace t € M(X, I). Then v determines the following three factors
of ¢:

pre(v)={x€t|x< v} is the past of v,
par(v) ={x €t|v £ x,x £t v,v # x } 1is the parallel part of v,
suf(v) ={xet|v<,x} is the future of v.

We now have the following two factorizations t = pre(v) label(v) par(v) suf(v) and ¢t =
pre(v) par(v) label(v) suf(v). We say that a product L = Ljal, of trace languages
Li,Ly C M(X,1), a € ¥ is left unambiguous if for all t € L there exists a unique
position v in ¢ such that

e label(v) = a and
e pre(v) € Ly and par(v)suf(v) € Ls.

Right unambiguous products are defined symmetrically, i.e. the parallel part par(v) is
related to Li. A product LialLs is unambiguous if it is left unambiguous or right unam-
biguous. Let V be a class of trace languages. Then we define UPolV as closure of VV under
boolean operations and unambiguous products.

Theorem 4.1 Let V be a variety of monoids such that J; C'V and let V be the class of
languages corresponding to V. Then the syntactic monoid of every language in UPolV is
in [2¥yx” =z ] @V.

Proof: By LI we denote the semigroup variety [z*yz® = 2*]. Let L = LjaLs be a
left unambiguous product of L; and Ly and let their syntactic monoids be M, M, €
LIGV. Let n : M(3,I) — N be as in Lemma 3.1 and let M(L) be the syntactic
monoid of L and p : M(X,I) — M(L) its syntactic homomorphism. We obtain the
relational morphism 7 = nou~!: M(L) — N. Since LI® V forms a variety [6] and since
LIGMLIMV) = LIMV, see [§], it is sufficient to show that for all idempotents e € N
we have 771(e) € LI. The theorem then follows by left-right symmetry and form the fact
that classes of languages corresponding to varieties of monoids are closed under boolean
operations [2].

Let €2 =e € N, let z,y,u,v € M(3, I) such that n(x) = e = n(y) and let m > || +1
such that p(z)™ is idempotent. We will show that uz™v € L if and only if uz™yz™v € L.
The direction from left to right is the same as in Theorem 3.3. Suppose ux™yz™v € L.
Then there exists a left unambiguous factorization uz™yx™v = zyazs with z; € Ly and
29 € Ly. Let x =21 ---xp and y = y; - - - y¢ be factorizations into connected components
such that alph(z;) = alph(y;) for all 1 < j < /¢. Suppose the connected component z; of
x from the left 2™ block matches with a factor of z; and the same connected component
xy of x from the right ™ block matches with a factor of zy. Since n(x;) = n(y1) is
idempotent, we can arbitrarily pump x; and y; at these two positions without changing
membership to L. The possibility of pumping at both position leads to two different



factorizations of uz™yz™yx"v € L. This contradicts the choice of L; and Ly such that
L is left unambiguous. The same argument holds for all connected components of x.
Together with Lemma 3.2 it follows that for every index j € {1,...,¢} of a connected
component there exists ¢ € { 1,2} such that the last occurrence of x; in the left ™ block
and the first occurrence of z; in the right 2™ block in uz™yx™v are factors of z;. Hence,
the component y; of y lies between these two occurrences of z;, i.e. x;y;x; is a factor
of z;. Since n(z;y;z;) = n(z;x;), we can remove all connected components of y without
changing membership to L. Therefore, uz™z™v € L and by idempotency of p(z)™ we
can conclude uz™v € L. a

It is easy to see that the proof of Theorem 4.1 can be extended to sequences of unam-
biguous products, but since the unambiguous product for traces is not associative, this
would not lead to such a natural characterization as for words, where UPol is defined via
disjoint unions of unambiguous polynomials.

In the next section we will present a converse of the previous theorem for the variety

V:J]_.

5 The variety DA

The variety DA is defined as DA = [(zy)“z(zy)* = (xy)“]. It is known that DA =
[z“yx® = 2¥ ] @ Jq, see [6]. To be able to establish algebraic properties of DA, we will
need some of Green’s relations. Let M be a monoid and let a,b € M. The equivalence
relations R, L, H C M x M are defined by

aRb < aM =bM
alb & Ma= Mb
aHb & aRbandalb.

By G, for G € {R, L, H} we denote the G-class of a € M. All monoids M € DA have
the following properties [6, 11]:

o M is H-trivial, i.e. |H,| =1 for all a € M.
e Va,be M:aRab= R.,b CR,.
e Va,be M:aLba=bL, CL,.

A factorization t = t_aty is a left factorization if a ¢ alph(t_) and if ¢ = sb implies
(a,b) € D, i.e. in this factorization a is the first occurrence of the letter a in ¢ and no
minimal element of ¢_ is independent of a. Symmetrically, we say that a factorization
t =t_aty is a right factorization if a ¢ alph(ty) and if ¢, = bs implies (a,b) € D.

Definition 5.1 We define the relation =4, C M(X,1)? for AC Y and k € N as follows:
o t =405 ifalph(t) C A D alph(s) oralph(t) C A D alph(s).

o t =415 fork>0ifalph(t) C A D alph(s) or the following three conditions hold:

8



— alph(t) = alph(s) C A.

— For all a € alph(t) and all left factorizations t = t_aty and s = s_as, the
conditions t_ =a\{a} k-1 S— and t; =1 sS4 hold.

— For all a € alph(t) and all right factorizations t = t_at, and s = s_as, the
conditions t_ =41 S— and t4 =a\{a} k-1 S+ hold.

It is clear that for all A C ¥ and all £ € N the relation =4 is an equivalence relation of
finite index.

Lemma 5.2 Lety C M(X, I)? be a congruence of finite index such that M(2,I)/~ € DA.
Then there exists k € N such that =55, C 7.

Proof: We adapt the proof of a theorem in [11]. By [t] we denote the equivalence class
of ¢ with respect to . Let M = M(X,I)/~. A factorization t = tgait; - - - a,t, is called
R-decomposition if the following conditions are satisfied:

o [to] =1€ M.

[} [to(lltl ce ai] R [t0a1t1 tee altl] for all 1 S 1 S n.

° [t0a1t1 s altl] R [t0a1t1 s aitiaiﬂ] for all 1 S 1< n.

e |t;| is minimal with the above properties for all 0 < ¢ < n and where |¢;] is always
minimized before |¢;;1].

Here R = M?\ R. From M € DA we can conclude a; ¢ alph(#;_;) for all 1 <i < n. The
R-decomposition of a trace t is not unique. Let m be the maximum of the number of
R-classes and the number of L-classes of M. By induction on |A| we will proof that for
all A C ¥ and all £, s € M(X, ) the following implication holds: if alph(¢) C A D alph(s)
and t =4 |am s then [t] = [s]. If |A] =0 then A =0 and t = ¢ = s and hence [t] = [s].
Suppose |A| > 0 and w.L.o.g. let O # alph(¢) = alph(s) C A. Let toait; - - - a,t, be an
R-decomposition of t. Then n < m holds. We set r; = t;a;t;11 - - a,t,. From the mini-
mality of |t;| it follows that r; = t;a,41711 is a left factorization. From ¢ =44}, 5 We can
conclude that there exists a factorization s = spa;51 - - - aps, With ¢; =a\{a;,1},|AIm—(i+1) Si
forall 0 < i <mn. Now i+ 1 < mn < m implies t; =a\{a,1},|A\{a;s.1}}m Si and therefore
by induction [t;] = [s;] for all 0 < i < n. Hence [t] R [toait; - - - an] = [Soa151 - - ] and
thus [s] M C [spa181---a,) M = [t] M. Starting with an R-decomposition of s we can
analogously conclude [t] M C [s] M and therefore [t] R [s]. A symmetric reasoning with
L-decompositions shows [t] £ [s] and hence [t] H [s]. Since M is H-trivial we have [t] = [s].
This shows =y, C v for k > |X|m. O

It follows that every language L with M (L) € DA is the disjoint union of =4 j-classes.
We define the class of languages A = { A* | AC X }. Clearly, A is a subclass of the
languages corresponding to Jy.

Lemma 5.3 Let A C Y and k € N. Every equivalence class of =4, is in UPolA.



Proof: Fora e X, t € M(X, 1), A C ¥ and k € N, we define the following languages:

L) = |J =0 n S\ {a})

(a,b)el

R(a) = |J b= 0 (S\ {a})’

(a,b)el
B() = {seM(X,1) | alph(s) =T}
=T n ()Lb)bE

E(A k1) = [1_,,.

Clearly, we have L(a), R(a), B(t) € UPolA. The set L(a) contains all traces ¢ such that
alph(t) € ¥\ {a} and a is the unique maximal element of ta. The set R(a) is symmetric.
By induction on k we proof E(A,k,t) € UPolA. The equivalence classes of =4 are A*
and its complement. For k& > 0 the language FE(A, k,t) is A* or

Balph(t)) N [ (L@ NEA\{a}, k—1,t_)) -a- E(Ak—1,t.)

t=t_aty is
left factorization

N (| EAk—1t)-a-(Ra)NEA\{d}, k—1,t))

t=t_aty is
right factorization

Note that all products are unambiguous and all intersections are finite. a

The language variety corresponding to J; is contained in PolA. Together with Corollary
3.10 and Theorem 4.1 we can conclude:

Corollary 5.4 The language variety UPolA = PolANcoPolA corresponds to the variety
DA.

6 Temporal logic

In this section we introduce two characterizations of DA with temporal logics. In this
paper, a temporal formula is a term of the form

pu=al-p|(p1Ver)| (1 Ae2) | XFo | YPo | Mo | Xop | Y@

where a € . The operators XF, YP, M, X, and Y, are called temporal operators. The
letter X comes from the word neXt, Y stands for Yesterday, F for Future, P for Past and
M for soMetime. By TL[XF, YP] we denote the set of temporal formulae where XF and
YP are the only temporal operators and in the fragment TL[XF, YP, M] we additionally
allow the M operator. By TL[X,,Y,] we denote the set of temporal formulae where all
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temporal operators are of the form X, or Y, for a € ¥. Next we define, when a trace
t = (V, <,label) at position v € V models a temporal formula:

t,vE=a < label(v) =a, forae€X.

t,v = —p < not t,v .

LvE e Ve & tvEe or tvE ps.

LvEpiANps & tvEe and tv = @

t,v = XFop & IyeV: v<x and t,x E ¢.

t,v = YPyp < IyeV: x<v and t,x E ¢.

t,v = My S IxeV: t,xEe

tvE Xup & IyeV: v<yx and t,x FaAg and
(VE e Vi v<&<x = label(§) # a).

v Y & IyeV: x<v and t,x FaAg and

(VE e Vi x<&<v = label(§) # a).

The usage of “alphabetic filters” (as in X, and Y,) has been introduced in [3] for local
temporal logic over traces.

An outer temporal formula is a boolean combination of formulae of the form XFp,
YPy, My, X,p or Y,p where ¢ is an arbitrary temporal formula. Next we define when
a trace t = (V, <,label) models an outer temporal formula. Boolean combinations are
defined straightforwardly.

tE=EXFp & JveV: tiviEe.

tEYPy & JveV: tvEe.

t =My S eV: tvEe.

tEXp & JveV: tvEaNp and
(V€ e Vi E<v = label(§) # a).

tEY.wy & eV: tvEaNe and

(V€ e Vi v<& = label(§) #a).

Note that XFy, YPy and My as outer formulae are equivalent. The idea is that when
evaluating XF and X, we start at a position in front of the trace and when evaluating
YP and Y, we start at a position behind the trace. The language generated by an outer
temporal formula ¢ is

L) ={t e M(X,I) | t|= ¢}
We say that a language L C M(X, I) is expressible in TL[XF, YP] (resp. in TL[XF, YP, M] or
TL[X,,Y,]) if there exists an outer temporal formula ¢ € TL[XF, YP] (resp. TL]XF, YP, M|
or p € TL[X,,Y,]) such that L = L(y).

Lemma 6.1 Let ¢ be an outer temporal formula in TLIXF,YP,M]. Then the syntactic
monoid of L(p) is in DA.

11



Proof: Let m be the number of (nested) temporal operators in ¢. Let x,y,p,q € M(X, I),
let n > m|X| and let t = p(xy)"x(zy)"q and s = p(zy)™(zy)"q.

We define a function ¢ : V; — V; by mapping all positions of the prefix p(zy)™ of t to
the corresponding prefix of s and all positions of the suffix (xy)"q of ¢ to the corresponding
suffix of s. The positions of x in ¢t between this prefix and this suffix are mapped to the
corresponding positions of the first = of the suffix (xy)"q of s. Note that g is onto.

For ¢ < m we define a partial function next, : V; — V; by mapping all positions of all
zy in (zy) Ol (2y) =0 in the center of

s = p(ay)"™ - (xy) "B (@y) O (2y)7'g

with ' = n — (m — ¢) |X| to the corresponding positions in the consecutive occurrence of
Ty in s.

We will show that for every temporal formula ¢ with ¢ temporal operators, ¢ < m, we
have

t,vE( & s,9(v) (¢ forallv eV, and (1)
s, X EC & s,nexty(x) = ¢ for all x in the domain of next,. (2)

For ¢ = 0 this is true since all positions are mapped to positions with the same label.
Suppose ( = XF¢ and ¢,v = (. Then there exists a position ¢ such that v <, ¢ and
t,& = 1. By induction we have s, g(§) = 9. If g(v) <s g(§) we are done for this direction.
Otherwise v is a position of z in the center of ¢. In this cases we have g(v) <, nexty_1(g(§))
and by induction s, g(¢) = ¢ implies s, next,—1(g(§)) | ¥. Hence s,g(v) = XFip. The
other direction of (1) follows similarly by using (2) if v is a position of x in the center of
t.

For (2) suppose s, x | XFi for x in the domain of next,. Then there exists £ € Vj
such that x <;¢ and s,& | . If nexty(x) <& we are done. Otherwise we can apply
induction hypothesis to conclude s, next, 1(§) = ¢ since ¢ is in the domain of next, ;.
Note that this is the reason for the factor |X| in the above exponents in the definition of
nexty. Since nexty(x) <snexty_1(§) we have s,next,(x) | XFip. The other direction of
(2) is similar.

The case ¢ = YP1) is symmetric and the case ( = M) is trivial since no constraint is
required for the subsequent position. Boolean operations are straightforward by induction
on the size of the formula. It follows that ¢ € L(¢p) if and only if s € L(p) and hence the
syntactic monoid of L(y) is in DA = [ (zy)“z(zy)” = (xy)“]. O

Lemma 6.2 Let ¢ be an outer temporal formula in TL[X,,Y,]. Then the syntactic
monoid of L(p) is in DA.

Proof: As in the proof of Lemma 6.1, let m be the number of (nested) temporal op-
erators in . Let z,y,p,q € M(X,I), let n > m|X| and let t = p(zy)"z(xy)"q and
s = p(zy)"(zy)"q. The reason that ¢ can’t distinguish between ¢ and s is that is not
possible to reach a position in z in the middle of ¢ since alph(z) C alph(xy). There-
fore, all positions that are taken into account by a formula ¢ with m (nested) operators
in {X,,Y,} lie within the identical prefixes p(zy)™* and suffixes (xy)™*lq of ¢ and s.
Hence the syntactic monoid of L(ip) is in DA. O
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The equivalence relations =4 for A C ¥ and k € N are defined in Definition 5.1. We will
show that all languages L with M (L) € DA can be expressed by a formula in TL[XF, YP].
By Lemma 5.2 it suffices to show that all equivalence classes of =4 are expressible in

TL[XF, YP].

Lemma 6.3 Let A C ¥ and k € N. Every equivalence class of =4 s expressible in
TL[XF, YP].

Proof: We introduce some macro formulae.

B (T) = J\ -XFb for [ C Y
bl

B(T) = \ XFb A B(T) for T C %
bel’

LL(a) = XF(a A —YPa) for a € ¥

LR(a) = =LL(a) A=(a A—YPa) forae€ X

RR(a) = YP(a A —XFa) forae X

RL(a) = =RR(a) A=(a A —=XFa) forae€ X.

A trace t models B*(T") if and only if alph(¢) C I' and it models B(I") if and only if
alph(t) = I'. The first letter of the name in the formulae of the form XY (a) indicates the
type of the factorization (Left or Right) and the second letter refers to the side within
this factorization. These four formulae will be used to restrict positions to the left or to
the right part of a left or a right factorization. For example, LR(a) is true at positions
that are not before the first a and that aren’t the first position labeled by a.

For each equivalence class [t]_ ~we will show that there exists a formula (A, k1)

such that L(p(A, k,t)) = [t]EA For k = 0, we have A* = L(B*(A)) and A* is expressed
by the negation of this formula. For a € ¥ we define the four transformations Triky for
XY € {LL,LR,RL,RR } on formulae in TL[XF, YP]:

Tr&y[b] = bAXY(a) forbe X
Trky[ ] = "Trky[¢]
Triy[ 1 Vo] = Trky[e1] V Trky[eo]
Trkylp1 Apa] = Trky[o1 ATy [92]
Tr&y [ XFp] = XF ( %y | @ /\XY(a))
Trky [YPe] = YP(Triy[¢] AXY(a)).

The transformations restrict formulae to special regions. For example Tr{; [¢] restricts
¢ to all positions before the first occurrence of a. For k > 0 the formula for [t]_ L 18
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w(A, k,t) = -B*(A) or
©(A, k,t) = B(alph(t)) A

/\ { TrﬁL[cp(A\{a},k—l,t_)} N } A

Try Ak —1,t
tIt,CLtJr is rLR[Qp( 9 3 +)]

left factorization
/\ { TrCPL{L[SO(Avk_lvt—)} N }
Tré, A k—1,t '
t = t_at+ is rRR[SO( \ {CL}, 9 +)]
right factorization O

Lemma 6.4 Let A C X and k € N. FEvery equivalence class of =4, is expressible in
TL[Xq, Yl

Proof: The proof is analogous to that of Lemma 6.3 but the transformations of formulae
will be more involved since we do not only have to ensure that we don’t leave some
restriction of a trace but also that we are able to reach this restriction. For this task we
have to distinguish nested temporal operators between outermost and inner operators.
When dealing with the outermost operators we will solve the task of reaching some part
of the trace and when we are treating inner temporal operators, we will ensure that they
stay within this part. The parts under examination are determined by left and right
factorizations.

We introduce some macro formulae.

B*T) = \ —Xb for I C %
bgl'

B(T) = A\ Xub A BT for [ C %
bel

(a) = Xa=Yqa fora e ¥
(a) = =LL(a) A =(a A =Yqa) foraeX
LP(a) = —LL(a) A =Yqa A —a forae X
(a) = Y,=Xqa forae X
(a) = =RR(a) A =(a A =X,a) fora e X
RP(a) = =X,a A =“RR(a) A ma  for a € X.
The letter P in the transformations of the form XY (a) stands for Parallel. For example,
LP(a) is true at positions that aren’t before the first a and that aren’t after a position
labeled by a and that aren’t labeled by a.
For a € ¥ and for XY € {LL, LR, RL, RR } we define the inner transformation Innerg~,
on formulae in TL[X,,Y,]:
Inner§y[b] = b A XY(a) forbeX
Innerfy [ Xy ] = Xy (Innergy (] A XY(a))
Innery [ Y] = Yy (Innergy (] A XY(a)).
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The description of the transformation of boolean combinations is omitted. Next ,we will
define the four transformations Outerf;, Outerky, Outerfy and Outergy, of the outermost
temporal operators:

Outerfp [Xyp] = X, (Inner{ [¢] A LL(a))
Outer? [ Yyp] = X, Yy (Innerf; [¢] A LL(a))
Outergg[ X ] = YoXp (Innergz[¢] A RR(a))
Outergg[ Yo ] = Yy (Innerfiz[¢] A RR(a))

Xy (Inner{z[¢] A LP(a)) Vv

XoYpXp (Innerfz[ o] A LP(a)) V

{ (=Xy(LP(a)) A =X, Y Xy (LP(a)) A

XXy (Innerfz [ ] A LR(a)))
Outer?y [ Yy ] = Yy(Innerfy[¢] A LR(a))
Outerfy; [ Xpp] = Xp(Inner, [¢] A RL(a))

{ Y, (Innerfy [¢] A RP(a)) V

Outerf g[ Xp] =

Y. XY, (Innerfy; [¢] A RP(a)) V
(=Y, (RP(a)) A =Y. XY, (RP(a)) A
Y.Y, (Innergy [¢] A RL(a)))

Outergy [ Yrp] =

For example, when transforming X,y by Outer[r we have to ensure that we reach the first
position that is labeled by b and not before the first a. This is done by a case distinction.
The first case is that the first b is parallel to the first a. The next case is that there is a
b before the first a and the first b that is not before the first a is parallel to the first a.
The third case is that there does not exist an b that is parallel to the first a. Therefore,
the first b that is not before the first a is after this first a. All cases are disjoint.

Using the above transformations, we inductively define formulae (A, k, t) in the frag-
ment TL[X,,Y,] expressing [t|_ . For k = 0 the formula is B*(A) or its negation. For

k > 0 we have p(A, k,t) = -B*(A) or

w(A, k,t) = B(alph(t)) A

/\ { Outerfy [ o(A\ {a},k—1,t_)] A } .\

Outerfy [ (A, k — 1,¢
t:t,atJr is uerLR[¢< ) ,+):|

left factorization

/\ { Outer‘f{L[go(A,k — 1,t,)] A }
L=t al, is Outer‘ﬁR[go(A \ {a},k — 1,t+)} )

right factorization 0

In the next theorem we summarize the characterizations of trace languages whose syntactic
monoid is in the variety DA.
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Theorem 6.5 Let L C M(X, ). Then the following are equivalent:
(i) M(L) € DA.

(1) L € UPolA.

(iii) L € PolA and L € PolA.

(iv) L is expressible in TLIXF, YP].
(v) L is expressible in TLIXF, YP, M].

(vi) L is expressible in TL[X,,Y,].

Proof: The equivalence of (i), (i) and (iii) is Corollary 5.4. The direction “(i) = (iv)”
follows from Lemma 5.2 and Lemma 6.3. Since TL[XF, YP] C TL[XF, YP, M| we have “(iv)
= (v)”. The implication “(v) = (i)” is Lemma 6.1. The direction “(i) = (vi)” follows
from Lemma 5.2 and Lemma 6.4 and the implication “(vi) = (i)” is Lemma 6.2. O

Conclusion

We have given an algebraic characterization of PolV and PolV N coPolV in the case that
V corresponds to a variety of commutative monoids that contains the monoid (2%, U, ()
over subsets the alphabet ». We have also shown that all languages in UPolV satisfy
a particular algebraic property if V corresponds to a variety that contains the monoid
(2%,U,0). That this property is sufficient for UPolV has been show in the case that V
corresponds to J;. This leads to two language theoretic characterizations of the variety
DA: PolA N coPolA and UPolA where A = {A* | AC X }. Then we have given two
logical characterizations of DA: the fragments TL[XF, YP] and TL[X,,Y,] and we have
shown that additionally allowing the operator M does not change the expressive power of
the first fragment.

Two interesting open problems are whether it is possible to proof that the algebraic
characterization of PolV also holds for a larger classes of languages V and whether it is
possible to give a language theoretic characterization of PolY NcoPolV in terms of disjoint
unions of unambiguous polynomials as for words.
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