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Abstract. Data trees and data words have been studied extensively
in connection with XML reasoning. These are trees or words that, in
addition to labels from a finite alphabet, carry labels from an infinite
alphabet (data). While in general logics such as MSO or FO are unde-
cidable for such extensions, decidablity results for their fragments have
been obtained recently, most notably for the two-variable fragments of
FO and existential MSO. The proofs, however, are very long and non-
trivial, and some of them come with no complexity guarantees. Here we
give a much simplified proof of the decidability of two-variable logics for
data words with the successor and data-equality predicates. In addition,
the new proof provides several new fragments of lower complexity. The
proof mixes database-inspired constraints with encodings in Presburger
arithmetic.

1 Introduction

The classical theory of automata and formal languages deals primarily with finite
alphabets. Nonetheless, there are several models of formal languages, regular or
context free, that permit an infinite alphabet, e.g., [3,6,14,17,24, 25]. Most of
the models, however, lack the usual nice decidability properties of automata over
finite alphabets, unless strongs restrictions are imposed.

Recently the subject of languages over infinite alphabets received much at-
tention due to its connection with the problems of reasoning about XML [2,4, 5,
8,9]. The structure of XML documents is usually modeled by labeled unranked
trees [15,21,27], and thus standard automata techniques can be used to reason
about the structure of XML documents. However, XML documents carry data,
which is typically modeled as labeling nodes by letters from a different, infinite
alphabet.

Thus, one needs to look for decidable formalisms in the presence of a second,
infinite alphabet. Such formalisms are hard to come by, and tend to be of very
high complexity. Nonetheless, some significant progress has been made recently
[4]. Namely, it was shown that the restriction of first-order logic to its two-
variable fragment, FO?, remains decidable over trees with labels coming from
an infinite alphabet (we refer to them as data trees). This is the best possible
restriction in terms of the number of variables: the three-variable fragment FO3
is undecidable [4].



The result is true even if the sentence is preceded by a sequence of existential
monadic second-order quantifiers, i.e., for logic IMSO?. The proof of this decid-
ability result, however, was very nontrivial relying on a complicated automaton
model, and gave no insight into the complexity of fragments nor the possibility
of extending it to more expressive logics.

However, we do want to have tools to reason about languages over infinite
alphabets, so there is a search for easier tools. One direction is to look for re-
strictions, both in terms of structures and logics [2,10]. As for restrictions, the
most natural idea appears to be to look for tools over words, rather than trees.
This has been done in [5, 8], which provided decidable formalisms for data words,
i.e., words labeled by both a finite and an infinite alphabet. In fact, [5] showed
that the two-variable logic is decidable. Specifically, it showed that in the pres-
ence of both ordering and successor relations on the domain, the logic IMSO?
is decidable; no upper bound on the complexity is known, however. The proof,
however, is again highly nontrivial and not particularly modular.

Our main goal is to give a much simpler and completely self-contained proof
of the decidability of satisfiability of the two-variable logic over data words. We
do it for the case when the successor relation is available on the domain (as with
the successor relation, the logic IMSO? can already define all regular languages).
The proof relies on two key ideas: reducing the problem to resoning about some
specific constraints (similar to those used in database theory [1]), and using tools
based on Presburger arithmetic to reason about those.

Organization In Section 2 we give the key definitions of data words and logics
on them and state the main result. In Section 3 we provide additional definitions
and notations. In Section 4 we provide the machinery needed for the main proof.
In Section 5 we present the proof of the decidability result. In conclusion, we
analyse the complexity of the our decision procedures.

2 Data words and the main result

2.1 Data words

Let X be a finite alphabet and © be an infinite set of data values. To be concrete,
we assume that © contains N, the set of natural numbers. A data word is simply
an element of (X' xD)*. We usually write w = (ZI) e (g:) for data words, where
a; € ¥ and d; € ©. We define the X projection of w as Proj(w) = a; - - ay.

An a-position is a position labeled with the symbol a. The set of data values
found in a-positions of a data word w is denoted by V,,(a), while the number of
a-positions in w is denoted by #,,(a).

The following notion is used throughout the paper. For a set S C X,

[S]w = ﬂ Vu,(a) n ﬂ m

a€S b¢S

That is, [S]w is the set of data values that are found in a-positions for all
a € S but are not found in any b-position for b ¢ S. Note that the sets [S]q,’s

are disjoint, and that Vi, (a) = J,cg[S]w for each a € X.



We say that a data word is locally different, if every position has a different
data value than its left- and right-neighbors.

2.2 Logics over data words

For the purpose of logical definability, we view data words of length n as struc-
tures

w = <{1"~-;n}7+17{a(')}a62,w>a (1)
where {1,...,n} is the domain of positions, +1 is the successor relation (i.e.,
+1(i,7) iff i + 1 = j), the a(-)’s are the labeling predicates, and i ~ j holds iff
positions ¢ and 7 have the same data value.

We let FO stand for first-order logic, MSO for monadic second-order logic
(which extends FO with quantification over sets of positions), and IMSO for ex-
istential monadic second order logic, i.e., sentences of the form 3X; ...3X,, ¥,
where ¢ is an FO formula over the vocabulary extended with the unary predi-
cates X1,...,Xn. We let FO? stand for FO with two variables, i.e., the set of
FO formulae that only use two variables z and y. The set of all sentences of the
form 3X ...3X,, ¥, where v is an FO? formula is denoted by IMSO?Z.

To emphasize that we are talking about a logic over data words we
write (4+1,~) after the logic: e.g., FO*(+1,~) and IMSO?(~,+1). Note that
IMSO?(+1) is equivalent in expressive power to MSO over the usual (not data)
words, i.e., it defines precisely the regular languages [26].

It was shown in [5] that IMSO?(+1, <, ~) is decidable over data words. In
terms of complexity, the satisfiability of this logic is shown to be at least as hard
as reachability in Petri nets. Without the +1 relation, the complexity drops to
NEXPTIME-complete; however, without +1 the logic is not sufficiently expressive
to capture regular relations on the data-free part of the word.

Our main goal is to give a transparent and self-contained proof of the follow-
ing:

Theorem 1. The satisfiability problem is decidable for EIMSO2(~, +1) over data
words. Moreover, the complexity of the decision procedure is elementary.

The result itself can already be infered from the decidability proof of the logic
with local navigation over data trees given in [4], which yields a 4-exponential
complexity bound. However this proof does not give any hints in understanding
the difficulty of the problem. Our proof yields a 5-exponential bound.

Neither of these bounds are of course even remotely practical. The primary
goal of these results is to delineate the boundary of decidability, so that later
we could search for efficient subclasses of decidable classes of formulae. And
for such a search, it is crucial to have simple and well-defined tools for prov-
ing decidability; providing such tools is precisely our goal here. Indeed a few
fragments of lower complexity are already provided here. Furthermore, in [9] a
fragment whose satisfiability is decidable in NP is obtained. ' With our proof

! This fragment is context free languages with the constraints on the data values of
the forms: VaVy a(z) ANa(y) Az ~y — x =y, and VoIy a(z) — b(y) Nz ~y.



we gain some insight on how the complexity “moves up continuously” from NP
to 5-exponential.

3 Additional notations

3.1 Disjunctive constraints for data words

We consider two types of constraints on data words, which are slight generaliza-
tions of keys and inclusion constraints used in relational databases [1]. They are
defined as the following logical sentences.

1. A disjunctive key constraint (dk) is a sentence of the form:

va Vy (( \/ a(z) A \/ aly) Nz ~y) -z =1y),

acX’ acX’

where X’ C X. We denote such sentence by V(X') — XV,
2. A disjunctive inclusion constraint (dic) is as sentence of the form:

va 3y ( \/ a(x) — \/ b(y) Nz ~y),

a€Xy beXs
where X;, ¥y C X, We denote such sentence by V(X;) C V(Xy).

For a set C of dk’s and dic’s, the data word w satisfies C, written as w = C, if w
satisfies all sentences in C.

In [9] the constraints considered are when all the cardinalities | X7|, | X1], | Z2|
are one, which are simply known as key and inclusion constraint.

3.2 Existential Presburger formulae

Atomic Presburger formulae are of the form: z1 + zo + -z, < y1 + - + Ym,
orxi+ -z, < K, or x1+ -2, > K, for some constant K € N. Existential
Presburger formulae are Presburger formulae of the form 3% ¢, where ¢ is a
Boolean combination of atomic Presburger formulae.

We shall be using Presburger formulae defining Parikh images of words. Let
Y ={ay,...,a;}, and let v € X*. By Parikh(v) we mean the Parikh image of v,
e, (#4(a1),...,#v(ag)), i-e., k-tuple of integers (nq,...,ng) so that n; is the
number of occurrences of a; in v.

With alphabet letters, we associate variables zg,,...,%q,. Given a Pres-
burger formula ¢(zg,,...,Z4, ), we say that a word v € X* satisfies it, written
as v = ¢(zqy, ..., %q, ) if and only if p(Parikh(v)) holds. It is well-known that for
every regular language L, one can construct an existential Presburger formula
0r(Zays--.,Tq,) so that a word v satisfies it iff it belongs to L [20]; moreover,
the formula can be constructed in polynomial time [23].



3.3 Presburger automata

A Presburger automaton is a pair (A, ), where A is a finite state automaton and
¢ is an existential Presburger formula. A word w is accepted by (A, ¢), denoted
by L(A, ), if w € L(A) (the language of A) and ¢(Parikh(w)) holds.

Theorem 2. [23] The emptiness problem for presburger automata is decidable
in NP.
3.4 Profile automata for data words

Given a data word w = (21) .
is the word

(ZZ)’ the profile word of w, denoted by Profile(w),

Profile(w) = (a1, L1, R1)y- -, (@n, Ln, Ry) € (X X {x, T, L} x {x, T, L})"

such that for each position ¢ = 1,...,n, the values of L; and R; are either T,
or 1L,or* If L, = T and ¢ > 1, it means that the position on the left, i — 1,
has the same data value as position i; otherwise L; = L. If i = 1 (i.e., there is
no position on the left), then L; = *. The meaning of the R;’s is similar with
respect to positions on the right of i.

Definition 1. A profile automaton A is a finite state automaton over the alpha-
bet X x {x, T, L} x {*, T, L}. It defines a set Lyata(A) of data words as follows:
w € Lyata(A) if and only if A accepts Profile(w) in the standard sense.

A profile automaton A and a set C of disjunctive constraints define a set of
data words as follows.

L(A,C) ={w|w € Lyga(A) and w = C}.

3.5 A normal form for IMSO?(~, +1)

Decidability proofs for two-variable logics typically follow this pattern: first,
in an easy step, a syntact normal form is established; then the hard part is
combinatorial, where decidability is proved for that normal form (by establishing
the finite-model property, or by automata techniques, for example).

A normal form for IMSO?(~, 4+1) was already given in [4], and we shall use
it with just a small modification. In [4] it was shown that every IMSO?(~, +1)
formula over data words is equivalent to a formula

3X1 . 3X A N A \ )
i J

where

1. x describes the behavior of a profile automaton (i.e., it can be viewed as an
FO?(+1) formula over the extended alphabet £ x {x, T, L} x {, T, L});



2. each ¢; is of the form VaVy(a(x) A a(y) Nx ~y — = = y), where a is a
conjunction of labeling predicates, Xj’s, and their negations; and
3. each 1; is of the form Va3y a(z) — (z ~ y Ad/(y)), with a, o as in item 2.

The number of the unary predicates X'’s is single exponential in the size of the
original input sentence.

If we extend the alphabet to X x 2F so that each label also specifies the family
of the X;’s the node belongs to, then formulae in items 2 and 3 can be encoded
by disjunctive constraints: formulae in item 2 become dk’s V(X') — X', and
formulae in item 3 become dic’s V(X)) C V(%s), where X', X1, Xy C X x 2%,

Indeed, consider, for example, the constraint VaVy(a(z) A aly) Az ~ y —
x = y). Let X’ be the set of all symbols (a,b) € ¥ x 2¥ consistent with . That
is, a is the labeling symbol used in « (if & uses one) or an arbitrary letter (if «
does not use a labeling predicate), and the Boolean vector b has 1 in positions
of the X;s used positively in a and 0 in positions of X;’s used negatively in «.
Then the original constraint is equivalent to V(X’) — X’. The transformation
of type-2 constraints into dic’s is the same. The details of this straightforward
construction can be found in the Appendix.

Hence, [4] and the above, imply the following. Let SAT-PROFILE be the
problem:

PROBLEM: SAT-PROFILE
InpUT: a profile automaton A and
a collection C of disjunctive constraints
QUESTION: is there a data word w € Lg4t4(A) such that w = C?

Then:

Lemma 1. Given an EMSOQ(~7—|—1) sentence p, one can construct, in triple
exponential time, an instance (A,C) of SAT-PROFILE over a new alphabet X so
that SAT-PROFILE(A,C) returns true iff ¢ is satisfiable. However, the size of
(A,C) and X is double exponential in the size of .

Thus, our main goal now is to prove:
Theorem 3. SAT-PROFILE is decidable with elementary complexity.

The main result, Theorem 1, is an immediate consequence of Theorem 3 and
Lemma 1.

4 Some preliminary results

Proposition 1. For every data word w, the following holds.

1w E V(X)) — X if and only if #4(a) = |Viw(a)| for each a € X' and
[S]w = 0, whenever |SNX'| > 2.

2. wE V(X)) CV(Xs) if and only if [S]w = 0, for all S such that SN Xy # 0
and SN Xy =0.



Proof. Part 1 is trivial. For part 2, note that ,cx, Viw(a) € Upcs, Vio(b) if

and only if (Ua€21 Vi(a)) N Myes, Vo (b) = 0, which, of course, is equivalent to
[S]w = 0, whenever SN Xy # () and SN Xy = 0. 0

Lemma 2. For every set C of disjunctive constraints, one can construct, in
single-exponential time, a Presburger formula @c(Za,, ..., Tq,) such that for ev-
ery data word w, we have w = C if and only if pc(Parikh(Proj(w))) holds.

Proof. Let Sy,...,S,, be the enumeration of non-empty subsets of X, where
m = 2/¥| — 1. The formula . is of the form 3zg, --- Jzg, 1, where 9 is the
conjunction of the following quantifier-free formulas:

Pl. x4 >} 45, 2s, for every a € X;
P2. if V(X') — X' € C, we have the conjunction:

/\ zg =0 N /\xa:Zzs

|SNE/|>2 acx’ acs

P3. if V(X;) C Xy € C, we have the conjunction:

/\ ZSZO

Snxy#0 and SNX,=0

We claim that for every data word w, w = C if and only if ¢, (Parikh(Proj(w)))
holds.

Let w be a data word such that w = C. We need to show that
¢ (Parikh(Proj(w))) holds. As witnesses for zg, for each S C X, we pick
zs = |[S]w|- Now we need to show that all the conjuctions P1-P3 above are sat-
isfied. P1 is definitely satisfied, as for each a € X, Y ¢, 25 = [Vi(a)| < #w(a).
P2 and P3 follow from Proposition 1.

- IfwEV(X)w— X then #4(a) = |Viw(a)| for each a € X and [S], = 0,
whenever |S N X'| > 2. So, P2 is automatically satisfied.

— IfwE V(X)) CV(Xy), then [S], = 0, for all S such that SN X, # @ and
SN Xy = (. Obviously then P3 is satisfied.

Now suppose that v is a word such that . (Parikh(v)) holds. We can assign
data values to v such that the resulting data word w satisfies every constraints in
C. Let zg = mg be some witnesses of that ¢, (Parikh(v)) holds. Let K = )" ¢ myg.
We are going to assign the data values {1,..., K} to v as follows. Define a
function

¢€:{1,...,K} —2*¥ — {0},

such that [€71(S)| = mg. We then assign the a-positions in v with the data
values | J,cq £71(9), for each a € ¥, resulting in a data word w. Such assign-
ment is possible since Y-, ¢ [£71(S)| = X cq ms < #o(a). By definition of the
function &, we obtain that [S],, = £~1(S). That w = C follows immediately from
Proposition 1. O



Lemma 2 immediately implies the decidability of a slightly simpler version
of SAT-PROFILE. Consider the following problem:

PROBLEM: SAT-AUTOMATON
INnPUT: a finite state automaton A and
a collection C of disjunctive constraints
QUESTION: is there a data word w such that Proj(w) € £(A) and w = C?

By Lemma 2, we can construct in exponential time a Presburger formula ¢, of
exponential size such that for all data words w we have, w = C if and only if
©¢ (Parikh(Proj(w))). Combining it with Theorem 2, we immediately obtain the
decidability of the above problem:

Corollary 1. SAT-AUTOMATON is decidable with elementary complexity.

The following lemma is crucial in our proof of Theorem 3.

Lemma 3. Let v be a word over Y. Suppose that for each a € X, we are given
a set 'V, of data values such that

— if Vo =0, then #,(a) = 0; and
— #o(a) > |Vo| > | 2| + 3 otherwise.

Then we can assign a data value to each position in v such that the resulting
data word w is locally different and for each a € X, V,, = V,,(a).

Proof. Let v = ay---ay. First we assign data values in the following manner:
Let a € X. Assign each of the data values from Vg in |V,| number of a-positions
in v. One position gets one data value. Since #4(v) > |V, |, such assignment is
possible, and moreover, if #,(v) > |V,|, then some a-positions are without data
values. We do this for each a € X.

Let w = (Zi) (;’1) be the resulting data word, where we write d; = f to
denote that position ¢ is still without data value. In the data word w, for each
a € X, we already have V,,(a) = V.

However, by assigning data values just like that, the data word w may not
be locally different. There may exists ¢ € {1,...,n — 1} such that d; = d;;1 and
d;,diy1 # §. We call such a position a conflict position. Now, we show that we
can always rearrange the data values in w such that the resulting data word has
no conflict positions. Suppose position ¢ is a conflict position labeled a. Since
there are only |X| symbols, the data value d; can only occur at most |X| times
in w. Since |V,| > |X| + 3 > | X, there exists a position j such that

— a; =a and d; # f;
— dj—ladj—i-l #dl

Now there are > | Y| 4+ 3 — | X| = 3 such positions. From all such positions, pick
one position j whose data value d; # di—1,d;+1. We can then swap the data
values d; and d;, resulting in less number of conflict positions inside w. We can
repeat this process until there is no more conflict positions inside w.



The final step is to assign data values for the positions in w which do not
have data value. This is easy. Since for each a € X, |V,| > |X| + 3 > 3, if the
data value d; = {, then we can choose one data value from V,, which is different
from its left- and right-neighbors. This still ensures that we get a locally different
data word at the end. This completes the proof. a

5 Proof of Theorem 3

For the sake presentation, we divide it into a few subsections. In Subsection 5.1,
we present our algorithm for deciding SAT-PROFILE over locally different data
words. Then, we explain how our algorithm can be extended to the general case
in Subsection 5.2.

5.1 Satisfiability over locally different data words

In this subsection we give elementary algorithm to decide the problem SAT-
LOCALLY-DIFFERENT defined below. This problem is still a more restricted ver-
sion of SAT-PROFILE, but more general than SAT-AUTOMATON.

PROBLEM: SAT-LOCALLY-DIFFERENT
INnPUT: a finite state automaton .4 and
a collection C of disjunctive constraints
QUESTION: is there a locally different data word w such that
Proj(w) € L(A) and w = C?

We further divide the proof for satisfiability SAT-LOCALLY-DIFFERENT into
two cases:

— First, we show how to decide SAT-LOCALLY-DIFFERENT over data words
with “many” data values.
— Second, we settle SAT-LOCALLY-DIFFERENT in the general case.

We say that a data word w has “many” data values if for all § C X the
cardinality |[S]w] is either 0 or > |X| 4+ 3. Notice that if a data word w has many
data values, then either |V,,(a)| =0 or |V, (a)| > |X| + 3 for all a € X.

The case of data words with many data values. By Lemma 2, we can
construct a Presburger formula ¢, such that for every data word w,

w = C if and only if ¢, (Parikh(Proj(w))) holds.

So, for every data word w, w € L(A,C) if and only if Proj(w) € L(A,¢.).
Recall that the formula ¢, is of the form: Jzg, --- Jzg,, 1., where Si,...,5n
is the enumeration of non-empty subsets of X' and the intention of each zg, is to
represent |[S;].| for data words w for which . (Parikh(Proj(w))) holds.



The idea is as follows: given a set F C 2% — {()}, we can decide the existence
of a locally different data word w € L(A,C) such that |[S],| =0, if S € F and
I[S]w| > | 2] +3,if S ¢ F.

Now, to decide the existence of a locally different data word with many data
values in L(A,C), we do the following.

1. Guess a set F C 2% — {(}.

2. Construct the formula ¢, from C according to Lemma 2.
Let ¢, be in the form of dzg, ---3zg,, VYe.

3. Define the formula ¢, » as:

zg, -+ 3zs,, (wcA A zs =0A N\ zs z|z\+3)
Si€F Siéf

4. Test the emptiness of L£(A, ¢c »).
To show that such algorithm is correct, we claim the following.

Claim 4 For every word v € X*, v € L(A, ¢c.») for some F C 2% if and only
if there exists a locally different data word w € L(A,C) with many data values
such that Proj(w) = v.

Proof. If v € L(A, pc,») for some F, then there exist witnesses zg, = mg, such
that ¢ ~(Parikh(v)) holds. By the construction of ¢. -, we have mg, = 0, if
S; € Fand mg, > |X|+3,if S; ¢ F. As in the proof of Lemma 2, we can assign
data values to each position of v, resulting in a data word w such that for each
S C X, |[S]w] = mg which is either > |¥| 4+ 3 or 0. This means that |V,,(a)]
is either > |X| + 3 or 0. (If |Viy(a)| = 0, it means that the symbol a does not
appear in v.) By Lemma 3, we can rearrange the data values in w to obtain a
locally different data word. This data word is in £(A,C).

The converse is straightforward. if w € £(A,C) has many data values, then
v = Proj(w) immediately satisfies ¢ -, where F = {S; | |[SiJw| = 0}. Thus,
ve L(A @ r). O

The general case of SAT-LOCALLY-DIFFERENT. The algorithm is more or less
the same as above. The only extra care needed is to consider the case if there
exists a locally different data word w € L(A,C) such that [[S],] < |X]|+ 2, for
some S C Y.

As before, the idea is to decide, given a set F C 2% — {(}, whether there
exists a locally different data word w € L(A,C) such that |[S],| < |X] + 2, if
S € F and > | X|+ 3, otherwise. Again, we reduce the problem to the emptiness
of a Presburger automaton.

The main difference is the way to deal with the S € F, as S € F does not
always imply that [S],, is empty but only that its cardinality is bounded by the
constant | X| 4 2. For all these S € F, we can assume that the data [S],, consists
of constant symbols, since |[S],| < |X| + 2. We denote such sets of constant
symbols by I's, for all S € F. Then we embed those constant symbols into the
finite alphabet X' and extend the automaton A to handle the constraints on
them.



The details of the algorithm are as follows. It consists of four main steps.

1. The guessing of the set 7 and the constants [s’s.
a) Guess a set F C 2% — {0}.
b) For each S € F, guess an integer mg < |X|+2 according to the following
rule.
- V(Y)— X e€C, then mg =0, if |SNX'| > 2.
- IfV(21> - V(EQ) EC, then mg =0, if SNXy #@ and SN Xy = 0.
c) For each S € F, fix a set I's = {af,... ,a,sns of constants such that
I's’s are disjoint, and I's "N = ). Let I'r = gz I's-
2. Embedding the constants of ['s’s into A.
Construct a finite state automaton A" (from the automaton .A) over the
alphabet ¥ U X x I'r as follows. A" accepts the word v = by ---b,, over
XU X x I'r if and only if the following holds.
— A symbol (a,d) € X x I'r can appear in v if and only if ¢ € S and
delgs.
— Let w=aq---a, be a word over X' such that

a = b; ifbieZ,
e if b; = (c,d) e ¥ x I'r

Then, u € L(A).
—Fori=1,...,n—1,if b, = (ai,di) € XY xI'rand by = (ai+1,di+1) S
F]:, then dz # di+1.
- If V(X)) — X isin C, then for each a € X' and «a € I's, where a € S,
the symbol (a,a®) appears exactly once in v.
Note that A’ is defined from A with the parameters: F and {I's | S € F}.
The construction is straightforward and can be found in Appendix.
3. Constructing the Presburger formula for C.
a) Construct the formula ¢, from C according to Lemma 2.
Let ¢ be in the form of Jzg, --- Jzg,, V.
b) Denote by ¢, » the formula:

Jzg, -+ Jzs, (q/ch /\ zs, =0A /\ zg, > \E|+3)
Si€EF qu¢}‘
4. The decision step. Test the emptiness of L(A', ¢c ).
The correctness of the algorithm follows from Claim 5 below.

Claim 5 There exists a locally different data word w € L(A,C) if and only if
there exist a set F C 2* and {I's | S € F and |I's| < |¥| + 2} such that
LA oc ) # 0, where A" and ¢c » are as defined in our algorithm and the
constants I's’s respect Step 1.b) above.

Proof. We prove “only if” part first. Let w € £(A,C) be a locally different data
word. The set F is defined as follows.



— S e F, if the cardinality |[S],| < |X] + 2.
— S ¢ F, if the cardinality |[S],| > |¥] + 3.

Without loss of generality, we assume that [S], = I's, for S € F. Let w =
(’;i) e (2:) We construct the word v = by - - - by, as follows. Foreachi =1,...,n,
b; = (a;,d;), if d; is in some g, otherwise b; = a;.

The rest of data values are in [S],, for some S ¢ F. So, zg = |[S]w| > | X|+3
serves as witnesses for S ¢ F, and zg = 0, for S € F. Thus, v € L(A', pc 5).

Now we prove the “if” part. Suppose there exist some I's’s and a word v over
the alphabet XU (X % (Jgeg I's) such that v € L(A', e x).

Let v =">0y - by,. If b; = (a,c) € X x I's, then we simply view « as the data
value in that position. For the other positions, where b; = a € X', we assign the
data values as before in Lemma 2.

Let zg = mg be the witnesses that v € L(A', ¢¢ ) holds. Let K = " ¢ mg.
Define the following function:

f{l,,K}—>22—{®},

where [£71(S)| = ms.
For each a € X, we assign the a-positions in v with the data values from
Uaesﬁ_l(S). If necessary, we can apply Lemma 3 to obtain a locally different

data word. The data values from I's does not prevent us from applying Lemma 3,
since I'r N{1,...,K} =10. |

5.2 Satisfiability over general data words

Now we extend our idea above to prove Theorem 3. For that we need some
auxiliary terms. Let w = (;i) e (Z:) be a data word over Y. A zoneis a maximal
interval [¢, j] with the same data values, i.e. d; =diy1 =--- =d; and d;—1 # d;
(if ¢ > 1) and d; # d;41 (if j < n). Obviously each two consecutive zones have
different data values. The zone [i, j] is called an S-zone, if S is the set of labels
occuring in the zone.

The zonal partition of w is a sequence (ki,...,k;), where 1 < ky < ko <
-+ < ky < nsuch that [1,k],[k1 + 1, k2],..., [k + 1,n] are the zones in w. Let
the zone [1, k1] be an Sy-zone, [k + 1, ko] an Se-zone, [ka + 1..k3] an Sz-zone,
and so on. The zonal word of w is a data word over X' U 2% defined as follows.

S1 So S
Zonal(w) = ay - - ag, d Ahy+1° " Ay a gy an( )
1 2 n

That is, the zonal word of a data word is a word in which each zone is succeeded
by a label S € 2% if the zone is an S-zone.

Moreover, it is sufficient to assume that only the positions labeled with sym-
bols from 2% carry data values, i.e., data values of their respective zones. Since
two consecutive zones have different data values, two consecutive positions (in
Zonal(w)) labeled with symbols from 2* also have different data values.



Furthermore, if w is a data word over X, then for each a € X,

Vw(a) = U ‘/YZonal(’w)(S)'

a€s

Proposition 2 below shows that disjunctive constraints for data words over the
alphabet X can be converted into disjunctive constraints for the zonal data words
over the alphabet X U 2*.

Proposition 2. For every data word w over X, the following holds.

— For X' C X, wEV(Y)w— X if and only if
K1. Zonal(w) EV(Q) — Q, where Q ={S | SNX #0};
K2. in Zonal(w) every zone contains at most one symbol from X'.
(By a zone in Zonal(w), we mean a mazimal interval in which every
positions are labeled with symbols from X.)
— For 1,5, C X, wE V(X)) CV(Xy) if and only if Zonal(w) = V(Q;) C
V(Q2), where Q1 ={S | SNXy # 0} and Q2 ={S | SN Xy # 0}.

Now, given a profile automaton A over the alphabet X', we can construct
effectively an automaton A*™" such that for all data word w,

Profile(w) € L(A) if and only if Proj(Zonal(w)) € L(A™**").

Such an automaton A" is called a zonal automaton of A. Moreover, if the dk
V(X)) — X' € C, we can impose the condition K2 in Proposition 2 inside the
automaton A",

This together with Proposition 2 imply that the instance (A,C) of SAT-
PROFILE can be reduced to an instance of the following problem.

PROBLEM: SAT-LOCALLY-DIFFERENT-FOR-ZONAL-WORDS

INPUT: e a zonal automaton A“™"
e a collection C** of disjunctive constraints over the alphabet 2*
QUESTION: is there a zonal word w such that
e Proj(w) € L(A™™") and w | C* and
e in which two consecutive positions labeled with symbols from 2*
have different data values?

The proof in the previous subsection can then be easily adapted to SAT-
LOCALLY-DIFFERENT-FOR-ZONAL-WORDS. The details can be found in the Ap-
pendix.



6 Analysis of the complexity

As a conclusion, we provide the complexity of our algorithms.

SAT-AUTOMATON : NExpTIME

NP(if the alphabet X' is fixed)
SAT-LOCALLY-DIFFERENT : NEXPTIME

NP(if the alphabet X' is fixed)
SAT-PROFILE : 2-NEXPTIME

NP(if the alphabet X is fixed)

In our algorithms, all three problems are reduced to the emptiness problem for
Presburger automata which is decidable in NP (Theorem 2).

In SAT-AUTOMATON the exponential blow-up occurs when reducing the dk’s
and dic’s in C to the existential Presburger formula ¢, (Lemma 2). This formula
e has exponentially many variables zg, for every S C X. Of course, if the
alphabet X is fixed, then the reduction is polynomial, hence, the NP-membership
for SAT-AUTOMATON. It is the same complexity for SAT-LOCALLY-DIFFERENT.

For SAT-PROFILE the additional exponential blow-up occurs when trans-
lating the dk’s and dic’s over the alphabet X to the dk’s and dic’s over the
alphabet 2¥. Now combining this with Lemma 1, we obtain the 4-NEXPTIME
upper bound for the satisfaction of HMSOQ(N, +1).
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A  Proof of Lemma 1

In [4] it was shown that every IMSO?(~, +1) formula over data words is equiv-
alent to a formula

6:=3R...3Ru(x A \wi A \¥)
i J

where

1. x describes the behavior of a profile automaton of the form:
VmVy((a? +1=y— %(x,y)) N (First(z) — J2(z)) A (Last(z) — 193(90)))

where the formula 17 is a boolean combinations of labeling predicates — R;’s,
(a, L, R)’s, and their negations — for z and y, the formulae ¥2 and ¥3 are
boolean combinations of labeling predicates for z, the predicate First(x) says
that x is the first position, and Last(z) says z is the last position. (Note that
First and Last are definable in FO?).

2. each y; is of the form VaVy(a(z) A a(y) Nz ~y — x = y), where o is a
conjunction of labeling predicates — R;’s, a’s and their negations — and

3. each 1; is of the form Vz3y a(z) — (z ~ y A/ (y)), with a, o’ as in item 2.

Moreover, the number of unary predicates R;’s is exponential in the size of the

original input formula.
Let U(0) = {R,..., Rr}. We will show how to convert 6 into a profile au-
tomaton A and a set C of disjunctive constraints over the alphabet

Y ={Sr.a|RCU®) and a € X}.

First, we show how to convert the formulae ¢; and ; into a collection C of dk’s

and dic’s over Y.

1. Replace each predicate R(z) by the disjunction Vg ,e5 SR.a(2).-
2. Replace each predicate a(x) by the disjunction \/zcy(y) SR,a ().

For the formulae ¢; and 9;, we replace each type a(x) that occurs in them by
a formula a(x) constructed as follows. Let v be

/\ R(z) A /\ -R(z),

ReR1 ReR2

for some Ry, Ro C U(¢h) (we can assume that R1 N Re = (). Then a(x) is
\/ {Sra(z) | R1 CR CU(Y) — Ry and a € X},

It is straightforward that formulae ¢; and ¢; become dk’s and dic’s over the
alphabet Y.



The construction of the profile automaton A from yx is similar. The difference
is that the labeling predicates are of the form (a, L, R) € X x{T, L, «}x{T, L, x},
instead of a € Y. So we define the following alphabet.

~

Yprofite = {Sr.at,r | R CU) and (a,l,7) € X x {T, L, x} x {T,L,*}}.
In the similar manner as above, we do the following.
1. Replace each predicate R(x) by the disjunction
\/ SR.alr(T).
ReRr and (a,l,r)eXx{T,L,%}?

2. Replace each predicate (a,l,r)(x) by the disjunction

\/ SR,a,l,r(x)~

RCU(Y)

Then we do some clean up of the formulae ¥1,192,93. We omit the negations
by replacing each predicate =Sz 4,1, () With \/(R/,a,)l,’T,#(R!a,l’r) SR ar 17 1 ()
After the clean up, we can assume that @1 and @y are of the form

V SR.atry (@) N SR a0y (),

and 9o, 3 are of the form

\/ S(R,a,l,r) (I)

We build an profile automaton A = (2‘ ,Q, I, F,d) that accepts the profile
language defined by the x.

— The set of states is Qq; = Apmfile.

The set of final states is F' = {S(r,a,1,r)|SR,a,i,» appears in ¥3}.

The set of initial states is I = {S(g,4,1,r)|SR,a,i,» appears in ¥}

— The transition function ¢ is as follows. If (R, a,l,7)(z) appears in o1, then

6(572,11,[,7"; (CL, l7 ’I")) = {S(R’,a’,l’,r’) |S(R,a,l,r) (m)/\S(R’,a’,l’,r/) (y) appears in 191 }

By construction, this automaton captures the original automaton formula x.

B Construction of A’ in Subsubsection “The general case
of SAT-LOCALLY-DIFFERENT”

Let A= (X,Q,qo,u, F) be the automaton, where

— X is the finite alphabet;

— @, qo and F are the set of states, the initial state, and the set of final states,
respectively;

—  is the set of transitions.



First, we define the automaton A = (¥, Q, g, I, F) as follows.
— ;: YU (X x UﬁeFFS)'
- Q:Q,%ZQO,F:F
— T is p plus the following transitions:
(q1, (a, O‘f)) — 42,
if a € S and the transition (g1,a) — g2 € p.
The desired automaton A’ is simply the intersection of A with the automaton

B which is defined as follows. B accepts a word w over X' x | Jg £ I's if and only
if w satisfies the following conditions.

1. The symbol (a, ) appears in w if and only if @ € S and o € I's.
2. If two neighboring positions are labeled with (a1, 1) and (ag, 32), for some

B, B2 € Uger I's, respectively, then By # fBs.
3. H V(X') — X is in C, then for each a € X’ and o € I's, where a € S, the

symbol (a,a”) appears exactly once in w.

The intuitive meaning of those items are as follows. The symbols a € I's are
supposed to be the data values from [S],. Thus, we need item 1. Item 2 are
required to guarantee that the data values & €Cger I's in w are locally different.
Finally, item 3 are needed to guarantee that the disjunctive key constraints in C
are respected.

C The details of the proof in Subsection 5.2

For the sake of precise presentation, we introduce a few notations. The following
notations #4™(S), V2#(S) and [P are the zone analog of #,(a), V,y(a) and

w w

[S]w, respectively, defined in Subsection 2.1. For S C X,

#23(S) = the number of S-zones in w

Vi S) = the set of data values found in the S-zones in w

and for P C 2%,

Pl = () v ($)n () V™ (@),
SeP T¢P

Now it is immediate that for each a € X,
Vu(a) = J Vir(9)=J U Pl
a€s a€S SeP
It is immediate that for every data word w,
#SVL(S) = #Zonal(’w) (S)
VuZ;ONE(S) = ‘/Zonal(UJ) (S)
[P]’ZLZNE = [P]Zonal(w)

The following two propositions are the zone analog of Proposition 1.



Proposition 3. For every data word w and X' C X, w = V(X') — X' if and
only if the following holds.

1. Every zone has at most one symbol from X'.

2. [Pl = [Plia(w) = 0 whenever {S € P |SNX" #0} > 2.

8. For each a € X', |Vyy(a)| = #w(a) = > cs #i"(S) = D acs Frona(w) (S)-
Proof. If w = V(X') — X', then it is immediate that K1 holds, hence K3. Now
for all a,b € X/, a # b, we have

Vw(a) NV (b) =0

T
U viess)yn | vies(1) =0
S3a T3b
T
U ves(s)nves(1) =0
S3a,T35b
T

[Pz whenever |S € P | SNX #0| > 2.

For the converse, it is immediate that if K1 and K3 holds, then we have w |=
V({a}) — {a}, for each a € X’. As we have shown above, K2 is equivalent to
Vi (a) NV, (b) = 0, for all a,b € X', a # b. Thus, we have w = V(X)) — X'. O

Proposition 4. For every data word w and X1, Xy C X, wE V(X)) CV(Xs)
if and only if [P = [Pliowa(w) = 0 whenever

HSeP|SNXy £0}>1and |{SeP| SNy #0} =0.
Proof. w =V (X1) C V(X2) if and only if

U V@) n ([ V) =0

a€X beXy
)
U VJ]O\IH(S) N U V,:}()NE(T) — @
SN #0 TNX2#£0
)
U vers)n ) V=0
SN #0 TNX2#£0
)
ZONE __ |{S€’P|Sﬂ217&@}|21and
[P]z —@whenever{HSeP 1§05 £ 0} =0



Let A" be the zonal automaton of A and C*" be a set of dk’s and dic’s
over the alphabet 2¥. Let ¥ = {ay,...,ax}. Let Si,...,S; be the enumeration
of non-empty subsets of X. Let Py, ..., P, be the enumeration of the non-empty
subsets of 2% such that for each 4, ) ¢ P;. That is, m = 2(@*h=1) _q,

1. The guessing of the set F and the constants I'p’s.
a) Guess a set Q C 227 —{0) _ (¢}
b) For each P € Q, guess an integer mp < 21Z149 according to the following
rule.
— It V(Y') — X' € C, then mp = 0, whenever [{S € P | SNX #
(0}| > 2. (This is to satisfy the condition in Proposition 3.)
~ I V(EZ) CV(E) eC, thenmy =0,if {SeP|SNE £0}>1
and [{S € P | SN Xy # 0} =0. (This is to satisfy the condition in
Proposition 4.)
¢) For each P € Q, fix aset I'p = {a],..., afw of constants such that
I'p’s are disjoint, and I'p NN = (). Let I'o = Upco I'p-
2. Embedding the constants of I'p’s into A",
Construct a finite state automaton A" over the alphabet X U2* (from the
zonal automaton A“*") as follows. A" accepts the word

U:al"'aklRlakl—‘rl”'akgRQ ...... akl+1...aan.

over X U2*¥ UX x Ig if and only if
— A symbol (S,d) € 2¥ x I'r can appear in v if and only if S € P and
de Ffp.
— Let u=a;---ar,S1 Ak, 41 agyS2 -+ Gly+1 - - - apS; be a word over
X U 2% such that

S — R; ifSiEQE
iT\R  ifS =(Rd) €2 x I

Then, u € L{A™™).
— Fori=1,...,l,if R; = (Si,dl‘) € XY x I'r and Ri+1 = (Si+1,dl‘+1) el'x,
then dz 7& di-i—l-
- IfV(X)— X isin C, then
e for each S € 2* and o € I'p, where S € P and SN X' # (), the
symbol (S, «) appears exactly once in v;
e for each symbol a € X', the symbol a appears at most once in a
zone.
3. Constructing the Presburger formula for C.
a) Construct the formula ¢ from C according to Lemma 2.
Let ¢ be in the form of Jzp, -+ - Fzp,, Peronu.
b) Denote by @cwsn o the formula:

ElZpl-.-Hme(wc/\ /\ P, =0A /\ 2P, Z2\E|+3)
PieQ Pi2Q
4. The decision step. Test the emptiness of L(A', ¢c ).

The proof of the correctness follows the same reasoning as in Claim 5.



