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Although data values are available in almost every computer system, reasoning about them
is a challenging task due to the huge data size or even infinite data domains. Temporal
logics are the well-known specification formalisms for reactive and concurrent systems.
Various extensions of temporal logics have been proposed to reason about data values,
mostly in the last decade. Among them, one natural idea is to extend temporal logics
with variable quantifications ranging over an infinite data domain. Grumberg, Kupferman
and Sheinvald initiated the research on this topic recently and obtained several interesting
results. However, there is still a lack of systematic investigation on the theoretical aspects
of the variable extensions of temporal logics. Our goal in this paper is to fill this gap.
Around this goal, we make the following choices: 1. We consider the variable extensions
of two widely used temporal logics, Linear Temporal Logic (LTL) and Computation Tree
Logic (CTL), and allow arbitrary nestings of variable quantifications with Boolean and
temporal operators (the resulting logics are called respectively variable-LTL, in brief VLTL,
and variable-CTL, in brief VCTL). 2. We investigate the decidability and complexity of both
the satisfiability and model checking problems, over both finite and infinite words (trees).
In particular, we obtain the following results: Existential variable quantifiers or one single
universal quantifier in the beginning already entail the undecidability of the satisfiability
problems of both VLTL and VCTL, over both finite and infinite words (trees); if only
existential path quantifiers are used in VCTL, then the satisfiability problem (over finite
trees) is decidable, no matter which variable quantifiers are available; for VLTL formulae
with one single universal variable quantifier in the beginning, if the occurrences of the
non-parameterized atomic propositions are guarded by the positive occurrences of the
quantified variables, then its satisfiability problem becomes decidable, over both finite
and infinite words; based on these results of the satisfiability problem, we deduce the
(un)decidability results of the model checking problem.
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1. Introduction

Context. Data values are ubiquitous in computer systems. To see just the tip of the iceberg, we have the following scenarios:
data variables in sequential programs, process identifiers in concurrent parameterized systems where an unbounded number
of processes interact with each other, records in relational databases, attributes of elements in XML documents or nodes in
graph databases. On the other hand, reasoning about data values is a very challenging task. Either their sizes are huge, e.g.
one single 4-byte integer variable in C programs may take values from —2,147,483,648 to 2,147,483,647, or they are even
from an infinite domain, e.g. process identifiers in parameterized systems.

Temporal logics are the formalisms widely used to specify the behaviors of concurrent, reactive as well as sequential
systems. Linear Temporal Logic (LTL) [1] and Computation Tree Logic (CTL) [2] are the two most widely used temporal
logics. Although temporal logics were originally targeted to specify the behaviors of finite state systems, various extensions
of temporal logics have been proposed to deal with the infinite data values in computer systems (mostly in the last decade).

e First-order temporal logics, that is, first-order logic over relational structures extended with temporal operators, are a
natural formalism to specify and reason about infinite data values in computer systems. Although most of the work
about temporal logics focuses on the propositional ones, first-order temporal logics were investigated in fact at almost
the same time as their propositional counterparts (see e.g. [3]). Initially, the investigations were around the axiomati-
zation issues [4-6]. Later on, Hodkinson et al. started investigating the decidability and complexity of the satisfiability
problem [7,8].

e Vianu and his coauthors used the first-order extensions of LTL to specify and reason about the behaviors of database-
driven systems [9,10].

e On the other hand, Demri and Lazic extended LTL with freeze quantifiers which can store data values into registers
and compare the data values with those stored in the registers [11]. The registers are also introduced into alternating
free model p-calculus over data trees [12]. Moreover, Figueira proposed an extension of LTL with freeze quantifiers of
only one register, where the quantifiers are interpreted over the set of data values occurring before or after the current
position of data words [13].

e Recently, Schwentick et al., Demri et al., and Decker et al. considered extensions of LTL with navigation mechanisms for
one single data attribute or tuples of data attributes over multi-attributed data words, that is, data words where each
position carries multiple data values [14-16].

Another natural idea is to extend temporal logics with variable quantifications over an infinite data domain, which is our
focuses in this paper. Grumberg et al. initiated this line of research. They considered the extension of LTL with variable
quantifications where the formulae are in prenex normal form, that is, all the variable quantifications are in the beginning
and followed by LTL formulae. They investigated the decidability of the satisfiability and the model checking problems
over Kripke structures extended with data variables [17,18]. Later on, as a follow-up work, they introduced variable CTL*
(VCTL*), an extension of CTL* with variable quantifications [19], where the variable quantifications can be nested arbitrarily
with Boolean operators and temporal operators. Their main goal is to characterize the simulation pre-order over variable
Kripke structures with VCTL* formulae. Nevertheless, as far as we know, they have not investigated the satisfiability and
model checking problems of VCTL* yet (except the aforementioned work on VLTL formulae in prenex normal form).

Contribution. Our goal in this paper is to do a relatively complete investigation on the decision problems of the extensions
of temporal logics with variable quantifications. Around this purpose, we make the following choices.

e We consider the extensions of both LTL and CTL with variable quantifications (denoted by VLTL and VCTL respectively),
where the variable quantifiers can be nested arbitrarily with Boolean and temporal operators.

o In addition, the variable quantifiers are interpreted over the full data domain, not just over the set of data values occur-
ring before or after the current position.

e Moreover, we investigate the decidability and complexity of both the satisfiability and the model checking problems over
both finite and infinite words (trees). More precisely, we consider four decision problems in this paper, the satisfiability
and model checking problems (over finite words and trees), the w-satisfiability and w-model checking problems (over
infinite words and trees).

Specifically, we obtain the following results.

1. Existential variable quantifiers (which may not occur in the beginning) or one single universal quantifier in the begin-
ning already entail the undecidability of the satisfiability and w-satisfiability problems of both VLTL and VCTL (cf. the
results on 3*-VLTL, 3*-VCTL, V-VLTL,,s and V-VCTL,,s in Table 1).

2. If there are only existential variable quantifiers, and the existential variable quantifiers are not nested, then the satisfi-
ability problem becomes decidable for both VLTL and VCTL (cf. the results on NN-3*-VLTL and NN-3*-VCTL in Table 1).
The proof is obtained by a reduction to the nonemptiness problem of alternating one register automata [13]. On the
other hand, in this case, the w-satisfiability problems of VLTL and VCTL are still undecidable.
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Table 1
Summary of the results: U: Undecidable, D: Decidable, P: Proposition, T: Theorem, C: Corollary.
I*-VLTL V*-VLTL NN-3*-VLTL NN-V*-VLTL F*-VLTLpys
SAT U (T. 41) U (T. 42) D (T. 4.10) U (T. 42) D (P. 2.5, [17])
-SAT U (T. 4.1) U (T. 4.2) U (T. 4.8) U (T. 42) D (P. 2.5, [17])
MC U (C. 414) U (C. 413) U (C. 4.14) D (C. 4.19) U (C. 4.14)
»-MC U (C. 4.14) U (C. 413) U (C. 4.14) U (C. 4.17) U (C. 4.14)
d d
V*-VLTLpns 3-VLTLpys V-VLTLpns 3VLTLE V-VLTLE
SAT U (T. 42) D (P.25,[17]) U (T.42) D (P.25,[17]) D (T.4.11)
®-SAT U (T. 42) D (P.25,[17]) U (T 42) D (P.25,[17]) D (T 4.11)
MC D (P.25,[17]) U (C 4.14) D (P.25,[17]) D (C. 4.20) D (P. 2.5, [17])
o-MC  D(P.25[17]) U(C 414) D (P.2.5,[17]) D (C. 4.20) D (P. 2.5, [17])
noap noap noap noap
IV-VLTL v3-VLTL F3-VLTL VV-VLTL WVY3-RVLTL s
SAT U (T. 4.7) U (T. 47) D (P. 2.5, [17]) U (T. 4.7) U (T. 4.5)
®-SAT U (T. 4.7) U (T. 4.7) D (P. 2.5, [17]) U (T. 4.7) U (T. 4.5)
MC U (C. 4.15) U (C. 4.15) U (C. 4.15) D (P. 2.5, [17]) U (T. 4.16)
»-MC U (C. 4.15) U (C. 415) U (C. 4.15) D (P. 2.5, [17]) U (T. 4.16)
VAV-RVLTLyyy  FV*-RVLTLpy  V*3*-RVLTLnyy  VV-RVLTL 33-RVLILS -
SAT U (T. 4.5) D (T. 412) U (T. 4.5) U (T. 43) D (P. 2.5, [17])
®-SAT U (T. 45) ? U (T. 4.5) U (T. 4.3) D (P. 2.5, [17])
MC U (T. 4.16) U (T. 4.16) U (T. 4.16) D (P.2.5,[17])  U(T.4.16)
o-MC U (T. 416) U (T. 4.16) U (T. 4.16) D (P.25,[17])  U(T. 416)
I*-VCTL V*-VCTL NN-F*-VCTL NN-¥*-VCTL F*-VCTLyys
SAT U (C.5.1) U (C.5.2) D (T. 5.6) U (C.5.2) D (T. 5.15)
-SAT U (C.5.1) U (C.5.2) U (C. 5.4) U (C.5.2) D (T. 5.15)
MC U (T. 5.5) U (T. 5.5) U (T. 5.5) D (T. 5.10) U (T. 5.5)
»-MC U (T. 5.5) U (T. 5.5) U (T. 5.5) U (T. 5.5) U (T. 5.5)
VAV CTLpnf FVCTLpns Y-VCTLpny 3-verLé? v-vCTLER?
SAT U (C.5.2) D (T. 5.15) U (C.5.2) D (T. 5.15) ?
-SAT U (C.5.2) D (T. 5.15) U (C.52) D (T. 5.15) ?
MC D (T. 5.16) ? D (T. 5.16) ? D (T. 5.16)
»-MC D (T. 5.16) ? D (T. 5.16) ? D (T. 5.16)
noap noap noap noap
IV-VCTL va-veTL F3-vere, wY-VCTL EVCTL
SAT U (C.5.3) U (C. 5.3) D (T. 5.15) U (C.5.3) D (T. 5.11)
®-SAT U (C.5.3) U (C. 5.3) D (T. 5.15) U (C.53) ?
MC U (T. 5.5) U (T. 5.5) U (T. 5.5) D (T. 5.16) U (T. 5.5)
»-MC U (T. 5.5) U (T. 5.5) U (T. 5.5) D (T. 5.16) U (T. 5.5)

3. If only existential path quantifiers are used in VCTL, then the satisfiability problem is decidable (NEXPTIME), no matter
which variable quantifiers are available (cf. the results on EVCTL in Table 1). This result is shown by a small model
property. It is open whether the w-satisfiability problem is decidable in this case.

4. For the fragments of VLTL with one single universal variable quantifier in the beginning, if the occurrences of the
non-parameterized atomic propositions are guarded by the positive occurrences of the universally quantified variables,
then the satisfiability and w-satisfiability problems become decidable (cf. the results on V—VLTLgﬁ;p in Table 1). The
proof is obtained by a reduction to the nonemptiness of extended data automata [20]. This decidability result is tight in
the sense that adding one more existential variable quantifier before or after the universal one implies undecidability
(cf. the results on V3-VLTL " and 3V-VLTL ' in Table 1).

5. Moreover, since there are some subtle differences between the logics defined in this paper and those in [17,18], we also
investigate the decidability status of the two fragments defined in [17] and [18] and show that some claims in [17,18]
are inaccurate (cf. the results on the fragments of RVLTL,,s and RVLTL;nf in Table 1). In particular, we show that the
fragments in [17] behave quite differently from the fragments in [18] with respect to the satisfiability problem.

6. Based on the above results of the satisfiability and w-satisfiability problems, we deduce the (un)decidability results of
the model checking and w-model checking problems (cf. the results on model checking and w-model checking problems
in Table 1).

For reader’s convenience, the results obtained in this paper are summarized into Table 1 (where 3,V mean existential and
universal variable quantifier, pnf means prenex normal form, NN means non-nested, and the question mark means that the
decidability is open). The reader can refer to Section 2 for the definitions of the fragments of VLTL and VCTL.
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This paper is the extended version of the paper published in FSTTCS 2014 [21]. Compared to [21], this paper is novel in
the following aspects.

e We add a comparison of the expressiveness of VLTL with the other logical formalisms over (multi-attributed) data
words.

e We get more results on the satisfiability and model checking problems, as well as extend the results in [21] to
w-satisfiability and w-model checking problems.

e We write the detailed proofs for all the results, which were missing or only sketched in [21].

Related work.

First-order temporal logics. At first, we give a more specific description of the work on first-order temporal logics. In [22], Bohn
et al. proposed an algorithm for model checking first-order CTL (FO-CTL) on first-order Kripke structures in which transitions
are labeled with conditional assignments, capturing the effect of taking a transition on an underlying possibly infinite state
space induced from a set of typed variables. Their algorithm is heuristic and may not terminate in some cases. Hodkinson et
al. tried to find decidable fragments of first order LTL (FO-LTL) and FO-CTL over natural numbers, and their expressive power
and finite axiomatization [7,8]. They showed that the satisfiability problem of monodic fragments of FO-LTL and FO-CTL in
which all formulae beginning with a temporal operator have at most one free variable is decidable. Moreover, Hodkinson et
al. investigated the complexity of the decidable fragments of FO-LTL in [23]. In particular, they proved that the satisfiability
problem of one-variable fragment of FO-LTL with the “global” temporal operator is EXPSPACE-complete. Several resolution
methods for checking the satisfaction and validity of the formulae in monodic fragments of FO-LTL are proposed in [24-26].
Dixon et al. considered the monodic fragments of FO-LTL with an additional XOR constraint on predicates and showed that
with the XOR constraint, a lower complexity upper bound can be obtained for the satisfiability problem [27]. Demri and
D’Souza investigated an extension of LTL where the constraints are interpreted over the concrete domains e.g. (Z, <, =) and
(N, <, =) [28]. Vianu et al. studied the model checking problem of FO-LTL formulae over database driven systems and get
some decidability results by putting restrictions on both the systems and the specifications [9,10]. Moreover, Song and Touili
considered the variable extensions of LTL and CTL for malware detection, where the variables range over a finite domain,
although the variable quantifications can be nested arbitrarily with the other operators [29-31].

Indexed temporal logics. Since process identifiers are a concrete type of data values, the indexed temporal logics used to
specify and reason about parameterized concurrent systems are also related to the extensions of temporal logic with variable
quantifications. Indexed temporal logics are extensions of temporal logics with variable quantifications that range over a set
of process identifiers. Browne, Clarke and Grumberg proposed indexed CTL*\ X in [32] and proved the bisimulation between
two Kripke structures with the same set of indexed propositions but different sets of index values with respect to indexed
CTL*\ X. Emerson and Srinivasan proposed indexed simplified CTL (SCTL) and investigated its satisfiability problem [33].
In [34,35], German and Sistla proposed indexed LTL and showed that the validity (resp. model checking) problem of the
indexed LTL is decidable (resp. undecidable). Emerson and Kahlon studied the model checking problem of parameterized
systems against some specific fragments of indexed CTL*\ X [36]. Later, Emerson and Namjoshi also used indexed CTL*\ X to
specify and reason about parameterized systems in [37]. The main goal of [36,37] is to prove the “cutoff” results. Compared
with indexed temporal logics, variables in VLTL and VCTL can range over not only a set of process identifiers but also other
data values such as content of messages. On the other hand, each position of the data words/trees for indexed LTL and CTL
has the same set of data values, that are process identifies. While, each position of the data words/trees for VLTL and VCTL
can have its own set of data values.

Besides the logical formalisms, researchers have also proposed various automata models to reason about data values.

Register automata and its variants. Kaminski and Francez initialized the research of automata models over infinite alphabets.
They introduced nondeterministic register automata [38], an extension of finite state automata with a set of registers which
can store a symbol from an infinite alphabet. They studied closure properties of nondeterministic register automata and
proved that its emptiness problem is decidable. In [39], Grumberg et al. proposed variable (Biichi) automata, a simple ex-
tension of finite (Biichi) automata in which the alphabet consists of letters as well as variables that range over the infinite
alphabet domain. Variable automata is a sub-type of nondeterministic register automata. Neven et al. studied the expressive
power of the variants (one-way v.s. two-way, deterministic v.s. non-deterministic, alternating v.s. non-alternating) of register
and pebble automata, and extensions of first-order logic and monadic second-order logic [40]. They proved that universal-
ity and containment of one-way nondeterministic register automata and non-emptiness of two-way deterministic register
automata are undecidable and that non-emptiness is undecidable even for weak one-way deterministic pebble automata.
Demri and Lazic introduced alternating one register automata and used it to decide the satisfiability of the fragments
of LTL with freeze quantifiers [11]. Kaminski and Zeitlin extended nondeterministic register automata with e-transitions
which is able to make a non-deterministic reassignment by “guessing” the content of an appropriate register [41]. Adding
e-transitions enriches the expressiveness but still posses all decision procedures and closure properties of nondeterministic
register automata. Figueira proposed an extension of alternating one register automata with spread operations and used it
to decide the fragments of XPath with data comparison modalities [13].
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Data automata and its variants. Data automata were introduced in [42], with the motivation to decide the two-variable first-
order logic over data words. Data automata turns out to be a very expressive model for which nonemptiness is decidable
and has the same complexity as the reachability of Petri nets. Since it is a famous open problem whether the reachability of
Petri nets can be decided with elementary complexity, it is also unknown whether the nonemptiness of data automata can
be decided in elementary time. In order to lower the complexity, two weaker versions of data automata were introduced
and their nonemptiness problems were shown to be elementary [43,44]. On the other hand, an extension of data automata,
called class automata, were introduced, in order to capture the expressiveness of XPath with data comparison modalities
[45]. Nevertheless, the nonemptiness of class automata is undecidable. To achieve decidability, two sub-models of class au-
tomata: class automata with priority class condition and class counting automata, were proposed [46,47]. Tan studied data
trees over a linearly ordered infinite data domain and proposed ordered-data tree automata and showed their nonemptiness
problem can be solved in 3-NEXPTIME [48].

Pebble automata and its variants. Pebble automata were introduced in [40]. Several variants of this model have been stud-
ied. For example, Neven et al. [40] studied alternating and two-way pebble automata. Tan proposed a subclass of pebble
automata, top view weak pebble automata and showed that the nonemptiness problem is decidable [49]. This model can
capture all data languages expressible in LTL with one freeze quantifier. Tan used graph reachability problem to investigate
the expressiveness issues of pebble automata, e.g. the strict hierarchy of pebble automata based on the number of pebbles
and the comparison of the expressiveness of pebble automata with the other formalisms over infinite alphabets [50].

Outline. The rest of this paper is organized as follows. Preliminaries are given in Section 2. Section 3 compares the ex-
pressiveness of VLTL with the other logical formalisms over data words. Section 4 considers the decision problems of VLTL.
Section 5 is devoted to the decision problems of VCTL. Conclusion and future work are given in Section 6.

2. Preliminaries

In this section, we first fix some notations, then introduce Variable Kripke Structure (VKS), Variable Linear Temporal
Logic (VLTL), Variable Computation Tree Logic (VCTL), alternating register automata and extended data automata. VLTL and
VCTL are extensions of LTL and CTL with variables and (V, 3) quantifications. The VCTL and VLTL formulae are interpreted
over computation traces and computation trees of variable Kripke structures, respectively. Alternating register automata and
extended data automata are used to get the decidability results.

Let D be an infinite set of data values, AP a finite set of (non-parameterized) atomic propositions, and T with APNT =
a finite set of parameterized atomic propositions, where each of them carries one parameter (data value). Let A be a finite
set of attributes. To get an idea on the data value attributes, let us consider the scenario where a printer is shared by
different computers. In this scenario, a “print” event may carry two data parameters which are denoted respectively by the
attribute “cid” for computer identifiers and the attribute “tid” for the identifiers of printing tasks, that is, the set of attributes
A ={cid, tid}. Let Var be a countable set of data variables which range over D. Let [k] denote the set {0, ...,k — 1}, for all
keN.

2.1. Words and trees

In this paper, we interpret temporal logic formulae over A-attributed data (w-)words or data (w-)trees defined in the
following.

e A word (resp. w-word) w over AP is a sequence from (24P)* (resp. (24F)®).

e An A-attributed data word (resp. data w-word) w over AP UT is a sequence from (247 x 2T x D)*)* (resp. (247 x
7 x D)*)?).

e Given k > 1, a k-ary tree (resp. w-tree) is a finite (resp. infinite) set Z C [k]* s.t. for all zi€ Z, z€ Z and zj € Z for all
jeli] (resp. for all zi € Z, ze Z and zj € Z for all j € [i], moreover, for each z € Z, there is i € [k] s.t. zi € Z). The node
€ is called the root of the tree. For every z € Z, the nodes zi € Z for i € [k] are called the successors of z, denoted by
suc(z). Let Leaves(Z) denote the set of leaves of a tree Z, that is, the set of nodes z € Z such that zi ¢ Z for each i € [k].
A path of a tree Z is a set m C Z s.t. ¢ e w and Vz € 7, either z is a leaf, or there is an unique i € [k] s.t. zi € w. A path
of an w-tree Z is a set 1 C Z s.t. € e w and Vz € m, there is an unique i € [k] s.t. zi e 7T.

e A k-ary labeled tree (resp. w-tree) t over AP is a tuple (Z, L), where Z is a k-ary tree (resp. w-tree) and L: Z — 24P is
the labeling function.

e A k-ary A-attributed data tree (resp. w-tree) t over AP UT is a tuple (Z, L), where Z is a k-ary tree (resp. w-tree) and
L:Z— 247 x 2T x D) is a labeling function.

e Given a labeled or data tree (resp. w-tree) t = (Z, L), let z€ Z and 7 be a path of t, then t|, denotes the labeled or
data subtree t rooted at z, and w, denotes the word or data word (resp. w-word) on the path 7 of t.

e For z € Z in a labeled or data tree (resp. w-tree) t = (Z, L), define the tree type of z in t, denoted by type;(z), as the set
{lo, ..., lk—1} s.t. for every j e [k], if zj € Z, then |; = v, otherwise |; = V; (V; means that the j-th child of z exists).

e For a data word (or data w-word) w = (o, (84,0, da,0)aca) (@1, (Ba,1,da,1)aca) - - ., the projection of w, denoted by
prj(w), is defined as the word ooy .. ..
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e lett=(Z,L) and t' = (Z',L’) be two k-ary A-attributed data trees over AP U T. Then an embedding of t into t’ is
an injective mapping n from Z to Z’' that preserves the root, the successor relation and the labels of nodes, more
specifically, n(e) = &, for each z1,z; € Z, z, is a successor of zy in t iff 1(zy) is a successor of 1(z;) in t’, moreover, for
each ze€ Z, L(z) = L'(n(z)). An embedding n of t into t’ is said to be leaf-preserving if for each z € Z, z is a leaf in t iff
n(z) is a leaf in t’. For instance, if ¢ is a k-ary A-attributed data tree with a single node &, and t’ is obtained from t by
adding a node 0, then there is a unique embedding of t into t’, but the embedding is not leaf-preserving.

In our definition of data (w-)words and data (w-)trees, every parameterized atomic proposition is restricted to carry only
one parameter (data value). This restriction does not restrict the expressiveness of the formalisms, as it is easy to encode a
data (w-)word or data (w-)tree where some parameterized atomic propositions have multiple parameters into one satisfying
the one-parameter constraint.

2.2. Variable Kripke structure

Definition 2.1 (Variable Kripke structures). A Variable Kripke Structure' (VKS) K is a tuple (APUT, X,S,R, So,I,L, L"), where
AP and T are defined as above, X and S are finite sets of variables and states respectively, R € S x S is the set of edges
s.t. for each s € S, there is s’ € S satisfying that (s,s’) € R, So C S is the set of initial states, I is the invariant function that
assigns to each state a formula which is a positive Boolean combination of x; = x; and x; # x; for x;, xj € X, L: § — 24PUTxX
is the state labeling function, L’ : R — 2{reset}xX 5 the edge labeling function.

Intuitively, if (reset, x) € L'(s, s), then the value of the variable x is reset (to any value) when going from s to s'.

A finite (resp. infinite) path of K is a finite sequence of states sgsi...sp (resp. an infinite sequence of states spsi...)
s.t. Vi € [n] (resp. Vi > 0), (si, Si+1) € R. An X-attributed data word (resp. w-word) wow ... is called a finite (resp. infinite)
computation trace of K if there are a finite (resp. infinite) path sgs7 ... in I with sg € Sg and a finite (resp. infinite) sequence
AoA1 ... S.L

e Vi, Aj : X —> D is an assignment function satisfying that A; = 1(s;), and w; = ({p € AP | p € L(s})}, ({T | (T, x) € L(si)} %
{Xi(®)Dxex), where the satisfaction relation A; = I(s;) is defined in an obvious way, e.g. A; =x =y iff A;(x) = Ai(y),
e for every i:i >0, Aj(x) = Aij_1(x) if (reset,x) ¢ L'(si_1, Si).

Let £(K) denote the set of finite computation traces of K and L, () denote the set of infinite computation traces of A.

Let k be the maximum number of successors of states in K. A data tree (resp. w-tree) t = (Z, Ly) is called a finite (resp.
infinite) computation tree of IC if there are a k-ary labeled tree (resp. w-tree) (Z, Ly) over S and a collection of assignment
functions A, : X — D with ze€ Z s.t.

Vze Z, Ly(z) €S is a singleton,

Ly(e) € So,

Vz e Z \ Leaves(Z), if L,(z) = s and s has exactly i successors, say So, ..., Sj—1, in K, then suc(z) ={z0, ..., z(i — 1)}, and
Vjelil, La(zj) =sj,

o for every z,zi € Z, if L(z) =s and Ly(zi) =5, then for every x € X s.t. (reset,x) ¢ L'(s,s'), Azi(X) = A;(X),

o forevery ze Z, if Ly(z) =s, then L1(z) = (L(s) N AP, ({t | (t,%) € L(S)} X Az(X))xex)-

Let 7 (KC) (resp. T,(K)) denote the set of finite (resp. infinite) computation trees of A.
2.3. Variable linear temporal logic

Intuitively, VLTL extends LTL with the modalities t(x) and x@a (where T € T and a € A), besides the existential and
universal data variable quantifications. Here 7(x) means that the parameterized atomic proposition t holds, with the pa-
rameter represented by x, and x@a means that the data value represented by x is the one corresponding to the attribute a
in the current position. More specifically, VLTL formulae are defined by the following syntactic rules.

Definition 2.2 (VLTL). The syntax of Variable Linear Temporal Logic (VLTL) is defined by the following rules,

@ :=pl-plTX) | —TX) [X@a | —x@a |V @ |@Ae|
Xp [ XoloUg@loRe[Ix. ¢ |VX @,

where pe AP, T € T,ac A,x e Var, and X is the dual operator of X such that X¢ = —X—g.

1 Variable Kripke structure defined here is the same as that in [17], except that the global invariants are replaced by local state invariants.
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Let var(¢) and free(p) denote respectively the set of variables occurring in ¢ and the set of free variables of ¢. VLTL
formulae without free variables are called sentences. In addition, we use abbreviations true = p v —p, Fy =true U v, and
Gy =—-F—.

VLTL formulae defined in [17,18] are in prenex normal form. In addition, VLTL formulae defined in [17,18] allow explicit
comparisons between data variables, e.g. x # y for two data variables x, y. Moreover, there is a small difference between
VLTL defined in [17] and [18]. The atomic formulae 7 for T € T are allowed in [17], while they are disallowed in [18]. The
formula 7 can be seen as an abbreviation of the formula 3x. 7 (x). Therefore, strictly speaking, the formulae in [17] are not
in prenex normal form according to our notation. If the explicit data variable comparisons and the formulae 7 are ignored,
then VLTL defined in [17,18] is the set of VLTL formulae in prenex normal form in our framework. In our definition of VLTL,
we make the following technical choices.

e The formulae 7 for T € T are disallowed, since we believe that it is a better idea to make all the variable quantifications
explicit.

e In addition, the explicit data variable comparisons x =y or x # y are disallowed, since we prefer defining a first-order
extension of VLTL with the minimum first-order features (arguably).

On the other hand, to facilitate the specifications of the properties of A-attributed data words, the formulae x@a are intro-
duced to specify that the data value represented by x is the one corresponding to the attribute a in the current position.
The fragments of VLTL defined in [18] and [17], excluding the data variable comparison modalities, are called respectively
as RVLTLpn¢ and RVLTLpnf in our framework (cf. Section 2.5).

VLTL formulae are interpreted over A-attributed data words and data w-words. We give the semantics for data words.
The semantics for data w-words are similar.

Let w=wp...wn € (27 x 2T xD)*)", ¢ be a VLIL formula, 1 : free(¢) — D, and for every i : 0 <i<n, w; =
(o, (Ba,i» da,i)aep), and w! = w;...wy,. We define the satisfaction relation w |=; ¢ as follows:

p=p: W iff peap,

@=-p:wkE @ iff p ¢ ag,

e=T1(X): W= @ iff (T,1(%)) € Ugea (Ba,0 X {da,0}),

P==1(x): W @ iff (T,A(%)) ¢ Ugea (Ba,0 X {da,0}),

@ =x@a: w =, @ iff dgo =1 (x),

@ =—x@a: w k=, ¢ iff dgo # A(X),

P=p1V 2w @ iff wis, @1 or w s, @2,

p=pr1A@2: WL iff wis, ¢ and W s @2,

p=Xp1: wk @ iff w#e and wl |=H01,

@ =X@1: w =), @ iff w# ¢ implies that w! =), (p1,

=01 U @: W=, ¢ iff there is i: 0 <i<n st w!' =5 @2, and for all j:0<j<i, wi = o1,

0=¢1 Ry wi, g iffforall i:0<i<n, wi =, ¢, or thereis i:0<i<n st w =, ¢, and for all j:0<j<i,

wl = ¢,

e ¢ =3x. ¢1: W=, @ iff there is d e D s.t. W =)q/x @1, Where (A[d/x])(x) =d and (A[d/x])(y) = A(y) for every y €
free(pr) s.t. y #x,

o =Vx. p1: W=, @ iff for all d € D, w =54/ @1

If ¢ is a VLTL sentence, we will drop A from |=;. Let L(¢p) (resp. £, (¢)) denote the set of A-attributed data words
(resp. w-words) w satisfying ¢. Let ' be a VKS with X as the set of variables and ¢ a VLTL sentence over X-attributed
data words. Then I satisfies ¢, denoted by /C |= ¢, if for every finite computation trace w of I, w = ¢. Similarly, we use
K o ¢ to denote the fact that for every infinite computation trace w of K, w =¢.

For a VLIL formula ¢, let @ denote the negation of ¢, where p=—p, —=p =p, T(X) = —1 (%), =T (X) = T(X), X¢1 = X1,
©1Upy = ¢1R@;, and so on. Let |¢| denote the size of ¢, that is, the number of symbols in . We will use ¢; — ¢, to
mean @1 V ¢,. A VLTL formula that does not contain subformulae of the form v, — v, is called normalized.

Let ¢ be a normalized VLTL formula. For p; € AP and an occurrence of p; (resp. —p;) in ¢, define the UR-formula
of the occurrence of p; (resp. —p;) in ¢ as the minimal subformula of ¢ of the form YUy, or y1Ry, which contains
the occurrence of p; (resp. —p;), if such a subformula exists (otherwise, the UR-formula is undefined). Note that if the
UR-formula of an occurrence of p; or —p; exists, then it is unique. An occurrence of p; or —p; is said to be persistent if the
U R-formula of the occurrence exists, and the following condition is satisfied:

o If the UR-formula is of the form 1 U, then the occurrence of p; or —p; occurs in .
e If the UR-formula is of the form 1 Ryr,, then the occurrence of p; or —p; occurs in ;.

A non-persistent occurrence of p; or —p; is called eventual. Similarly, we can define the persistent and eventual occurrences
for 7(x) or =7 (x) or x@a or —x@a or subformulae of the form X . For instance, the occurrence of —p; in the formula
G(—p1 Vv XFpy) is persistent, the occurrence of p; is eventual, and the occurrence of XFp, is persistent.



F. Song, Z. Wu / Information and Computation 251 (2016) 104-139 111

2.4. Variable computation tree logic

The syntax of variable computation tree logic is defined similarly to VLTL, by adding the path quantifiers A and E before
every temporal operator in the syntax rules of VLTL.

Definition 2.3 (VCTL). The syntax of Variable Computation Tree Logic (VCTL) formulae is defined by the following rules:

0= pl=plT(X)|—T(X) |[x@a|—~x@a|pVe|pAng|AXp|EXp
© | AX@ | EXg | A(pU@) | E(pUg) | A(pR) | E(¢R@) | 3x.0 | VX."

where pe AP, 1 €T,ae A, xe Var.

VCTL formulae are interpreted over A-attributed data trees. Let t = (Z,L) be a k-ary A-attributed data tree with
L(e) = (a0, (Ba,da)aen), @ be a VCIL formula, A : free(p) — D, we define the satisfaction relation (Z,L) =, ¢ as follows.
The semantics of VCTL formulae over A-attributed data w-trees are similar.

p=p:tEpiff pea,

p=-p:tEgiff péa,

@=TX): t = @ iff (T, 1(%) € Ugzen Ba x {da},

@ ==1(X): t= @ iff (T, 0(%) ¢ Ugen Ba x {da},

@ =x@a: t | @ iff dg = 1 (),

@ =—x@a: t |=, @ iff dy # A(x),

p=p1VetE e iff t = @1 ort = @2,

=01 A@2: tE= @ iff t = @1 and ¢ =5 @2,

© =AX@q: t = @ iff suc(e) #0 and t|; = ¢ for all z € suc(e),

¢ =EX@1: t = @ iff suc(e) #0 and t|; =, @1 for some z € suc(e),

@ = AXq1: t =), @ iff suc(e) # ¢ implies that t|, =), ¢ for all z € suc(e),

@ = EX@q: t =), @ iff suc(e) # ¢ implies that t|, |=; ¢ for some z € suc(e),

¢ = Alp1U@y]: t = ¢ iff for every path w C Z, there exists a node z €  s.t. t|; =5 @2, and for all strict prefixes z’
of z, t|y = 91,

¢ = E[p1U¢a]: t =5 @ iff there is a path 7 € Z and a node z €  s.t. t|; =5 @2, and for all strict prefixes 2z’ of z,
tly = @1,

@ = Alp1R@z]: t =5 @ iff for every path w C Z, either t, =, ¢; for all z € 7, or there is z € w s.t. t|; =, ¢1, and for all
prefixes z' of z, t|, =x @2,

¢ = E[@1Rp2]: t =5 @ iff there is a path m C Z s.t. either t|; =5 @2 for all z € m, or there is z € 7 s.t. t|; Ea @1, and
for all prefixes z’ of z, t|; = @2,

@ =3Ix.01: t = @ if there is d € D s.t. t = pa/x 91,

@ =Vx.@1: t = @ iff for all d e D, t =x14/x @1

Let L(¢) (resp. L (¢)) denote the set of A-attributed data trees (resp. w-trees) t satisfying ¢.

Let K be a VKS and ¢ be a VCTL sentence. Then /C satisfies ¢, denoted by K = ¢, if for every finite computation tree t
of IC, t = ¢. Similarly, we use K =4, ¢ to denote the fact that every infinite computation tree t of /C, t =4, ¢.

For a VCTL formula ¢, the formula @ denoting the negation of ¢, and |¢|, the size of ¢, can be defined similarly to those
of VLTL formulae.

2.5. Syntactic fragments of VLTL and VCTL

In this paper, we consider the following fragments of VLTL.

I*-VLTL and V*-VLTL. Let 3*-VLTL (resp. V*-VLTL) denote the set of VLTL formulae without using V (resp. 3) quantifier. Note
that the formulae in 3*-VLTL and V*-VLTL are not required to be in prenex normal form.

NN-VLTL. Let NN-VLTL denote the set of VLTL formulae where no variable quantifiers are nested (in a strict sense), more
precisely, for every pair of subformulae Qx.y; and Q’y.y» (where Q,Q’ € {3,V}) st. x# y, and Q'y.y, is a
subformula of v, it holds that x ¢ free(yr;). For instance, the formula Vx.(t(x) — 3y.t/(y)) is in NN-VLTL, while
Vx.Vy. G[(t(x) AT/ (¥)) = XG(—=T(x) A—=T'(¥))] is not.

VLTL,;s. Let VLTLp,s denote the set of VLTL formulae in prenex normal form Q1xXq...QyXk. ¥, where Qq,..., Qx € {3,V},
and ¢ is a quantifier-free VLTL formula. Note that in general VLTL formulae cannot be turned into equivalent
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prenex normal forms.> Suppose 8 = Q1...Qy € {V, 3}*, let 0-VLTLpns denote the set of VLTLp,s formulae of the form
Q1X1 ... QiXk. Y. Suppose © C {V, 3}*, let O@-VLILp;r = Ugee 6-VLTLppys.

VLTL’;‘,’;". For 6 € {3, V}* (resp. © C {3, V}*), let G—VLTL';ZC}" (resp. @—VLTLZ?I‘}”) denote the set of §-VLTLp,f (resp. ®-VLTLpyf)
formulae where AP = {, that is, the set of 6-VLTLp,f (resp. ©-VLTL,,s) formulae containing no occurrence of non-

parameterized atomic propositions.

VLTLE®. For 0 € (3, V}* (resp. © C {3, V}*), let 0-VLTLEY (resp. ©-VLTLE?) denote the set of 6-VLTLpys (resp. ©-VLTLyyy)
formulae Q1x1...QyXk. ¥ s.t. 6 = Q1...Qx (resp. Q1...Qx € ®), and all the occurrences of p and —p in ¢ are
guarded by the positive occurrences of x. More precisely, ¢ is a quantifier-free VLTL formula defined by the following

rules,

Y i=pAT@) [ =(PATE) 7P ATE) [ ~(-pATX) | pAX@a|
—(p AX@a) | =p AX@a | ~(—p A X@q) | T(X) | 7T (X) | X@a |
—X@a |y VY [y AY XY | X |y Uy | YR,
where p e AP, T €T, a€ A, x € Var, and the superscript “gdap” means “guarded atomic propositions”. For in-
stance, the formula Vx. G(openFile(x) — closeFile(x)) is in V-VLTL‘ggap , while the formula Vx. G[openFile(x) — (p A
—write(x)) U closeFile(x)] is not, since the occurrence of p is not guarded by a positive occurrence of x.

RVLTL,,; and RVLTL;nf. Let RVLTL denote the set of VLTL formulae where the formulae of the form x@a or —x@a are not
used (The fragment defined in [18], excluding the data variable comparison modalities, corresponds to RVLTLpuf).
Moreover, in order to facilitate the comparison with the fragments in [17], we use RVLTL;;nf to denote the extension
of RVLTLp,s with the formulae = for T € T which is equivalent to 3x. T(x).

Note that by combining the above definitions, more syntactic fragments can be defined. For instance, the fragment
NN-3*-VLTL is the set of 3*-VLTL formulae where no variable quantifiers are nested.

The syntactic fragments of VCTL can also be defined similarly to VLTL, with the additional distinction between EVCTL
and AVCTL, that is, the fragment of VCTL using only path quantifiers E and A respectively.

2.6. Decision problems of VLTL and VCTL
We consider the following decision problems for VLTL and VCTL.

Satisfiability problem. Given a VLTL (resp. VCTL) sentence ¢, decide whether ¢ is satisfiable, that is, whether there is a
data word w (resp. there are k > 1 and a k-ary A-attributed data tree t) s.t. w |=¢ (resp. t = ).

w-Satisfiability problem. Given a VLTL (resp. VCTL) sentence ¢, decide whether there is a data w-word w (resp. there are
k>1 and a k-ary A-attributed data w-tree t) s.t. w =4, ¢ (resp. t =4 @).

Model checking problem. Given a VKS K and a VLTL/VCTL sentence ¢, decide whether IC = ¢.

w-Model checking problem. Given a VKS X and a VLTL/VCTL sentence ¢, decide whether K =, ¢.

Remark 2.4. We interpret VLTL and VCTL formulae over both finite and infinite data words (trees). The considerations of
temporal logics interpreted over finite words and trees are normally motivated by the verification of safety properties of
concurrent systems (cf. [51]) as well as the verification of properties of sequential programs.

The following result is proved essentially in the same way as Theorem 6 in [17]. The main idea is to bound the number
of data values satisfying a 3*-VLTL,,s formula.

Proposition 2.5. The following problems are PSPACE-complete>:

o the satisfiability and w-satisfiability problems of 3*-VLTLpyy,
e the model checking and w-model checking problems of V*-VLTLy.

2.7. Nondeterministic tree automata and nondeterministic Biichi tree automata

A Nondeterministic Tree Automaton (NTA) A is a tuple (AP, Q, Qo,8, Qy), where AP is a finite set of atomic propositions,
Q is a finite set of states, Qo, Q7 € Q are the sets of initial and final states, § € (Q x 2P) U (Q x 24P x (Q'uU---UQk))
is the transition relation (a transition (q, P) € Q x 24" means that the current node is a leaf).

2 For instance, we conjecture that there are no VLTLys formulae equivalent to the VLTL formula G(3x.7 (x)), but presently we do not know how to prove
this.

3 In [17], only the model checking problem of V*-RVLTL;nf is considered. The results of the (w-)satisfiability and (w-)model checking problems of
3*-VLTLpys can be shown by following the same idea.
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NTAs are used to accept k-ary labeled trees over AP. The semantics of NTA are defined in a standard way. The reader
may refer to [52] for the detailed definition. Let £(.A) denote the set of k-ary labeled trees accepted by A.

A Nondeterministic BUChi Tree Automaton (NBTA) A is a tuple (AP, Q, Qy,§, Qy), where AP is a finite set of atomic
propositions, Q is a finite set of states, Qo, Q f C Q are the sets of initial and accepting states, § € Q x 24P (Qlu---uQk
is the transition relation. NBTAs are used to accept k-ary labeled w-trees over AP. Let t be a labeled w-tree t over AP. A run
of an NBTA A over t can be defined in a natural way. A run is accepting iff over each infinite path of the run, there is a
state from Q ; occurring infinitely often. Let £(A) denote the set of k-ary labeled w-trees accepted by .A.

Proposition 2.6. (/52,53]) The nonemptiness of NTAs (resp. NBTAs) is in PTIME.

2.8. Alternating register automata

We next define alternating register automata over k-ary A-attributed data trees where A is a singleton by adapting the
definition of alternating register automata over data (w-)words and unranked data trees [11,13].
In this subsection, we always assume that A is a singleton.

Definition 2.7 (Alternating register automata). An Alternating Register Automaton (ATRA) over k-ary A-attributed data trees
where A is a singleton is a tuple A= (APUT, Q,qo,38), where AP (resp. T) is a finite set of atomic propositions (resp.
parameterized atomic propositions), Q is a finite set of states, qg € Q is the initial state, § : Q — & is the transition function,
where @ is defined by the following grammar,*

true | false | p | =p | T | =T | V;i? | Vi? |eq|eq|q Vv q | qAq’|store(q) | guess(q) | Viq,
where pe AP, t€T,q,q €Q, and i € [k].

Intuitively, p, —p, T, —T are used to detect the occurrences of (parameterized) atomic propositions. v;?, V;? are used to
describe the types of nodes in trees, eq, eq are used to check whether the data value in the register is equal to the current
one, q vV q¢' makes a nondeterministic choice, g A ¢ creates two threads with the state g and q’ respectively, store(q) stores
the current data value (note that A is a singleton and there is exactly one data value over each position) to the register and
transfers to the state g, guess(q) guesses a data value for the register and transfers to the state g, V;q moves to the i-th
child of the current node and transfers to the state q.

An ATRA A= (APUT, Q,qo,d) is called alternating register automaton over A-attributed data words (AWRA) where A is
a singleton if k =1.

The semantics of ATRAs over k-ary A-attributed data trees where A is a singleton are defined in a completely analogous
way as those of ATRAs over unranked trees in [13]. To make the paper more self-contained, we describe the semantics of
ATRAs in the following.

Let A be an ATRA and t = (Z,L) be a k-ary A-attributed data tree. A node configuration ¢ of A is a tuple
(z, type;(2), L(z), A), where ze Z, A € Q x D is a finite set of active threads at node z in which each thread (q,d) de-
notes that the thread is at state q and has the data value d, satisfying the following condition: For every (q,d) € A s.t.
3(q) = viq' for some q’ € Q, we have V; € type;(z). A tree configuration C of A is a finite set of node configurations. Let N 4
denote the set of node configurations of A, and T 4 € 2N4 be the set of tree configurations. A tree configuration C is called
initial if C = {(e, type, (&), L(€), {(qo, d)})} s.t. L(e) = (A, (B,d)) for some A C AP and B C T. To define a run of .4, we intro-
duce two types of transition relations, the non-moving relation — < N 4 x N 4 and the moving relations — v, C N 4 X N 4
for i € [k]. For a given node configuration c = (z, type;(z), L(2), {(q,d)} U A), the non-moving relation updates a thread (q, d)
of ¢ according to the transition function §(q), and does not move to any child of z in t. Formally, —¢Z N 4 x N 4 is defined
as follows,

o (z,type;(2), L(2), {(g, d)} U A) —¢ (2, type;(2), L(2), A), if 8(q) = true;

o (z,type (2), L(2),{(q, D)} U A) —>¢ (z, type;(2), L(2), A), if §(q) = p, and there exist A AP, BC T, and d’ € D such that
L(z) = (A, (B,d")) and p € A;

(z, type;(2), L(2),{(q,d)} U A) —>¢ (z, type;(2), L(2), A), if 8(q) = —p, and there exist A C AP, BC T, and d’ € D such
that L(z) = (A, (B,d")) and p ¢ A;

(z, type;(2), L(2), {(q,d)} U A) —>¢ (z, type;(2), L(2), A), if §(q) = T and there exist AC AP, BC T, and d’' € D such that
L(z) = (A, (B,d")) and T € B;

(z, type;(2), L(2), {(q,d)} U A) —>¢ (z, type;(2), L(2), A), if §(q) = —7 and there exist A C AP, BC T, and d’ € D such
that L(z) = (A, (B,d")) and t ¢ B;

(z, type;(2), L(2),{(q,d)} U A) —>¢ (z, type;(2), L(2), A), if §(q) = V;? and zi € Z;

(z, type;(2), L(2), {(q, D)} U A) —>¢ (2, type,(2), L(2), A), if §(q) =V;? and zi ¢ Z;

4 The spread mechanism in [13] is dropped, since it is not used in this paper.
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o (z,type;(2), L(2),{(q, )} U A) —>¢ (z, type:(2), L(2), A), if §(q) =eq and there exist A C AP and B C T such that L(z) =
(A, (B,d));

o (z,type;(2), L(2),{(q,d)} UA) —>¢ (z, type;(2), L(z), A), if §(q) =eq and there exist AC AP, BC T and d’ € D such that
L(z) = (A, (B,d)) and d #d';

o for j=1,2, (z, type,(2), L(2), {(q, D)} U A) —>¢ (z, type;(2), L(2), {(qj, D)} U A) if 8(q) =q1 V qa2;

o (z,type:(2), L(2),{(q, d)} U A) —>¢ (2, type:(2), L(2), {(q1, d), (q2, D} U A), if §(q) =q1 A g2

o (z,type (2), L(2), {(q, )} U A) —>¢ (z, type,(2), L(2),{(q’,d’)} U A), if 5(q) = store(q’) and there exist AC AP and BC T
such that L(z) = (A, (B,d"));

o (z,type;(2), L(2),{(q, )} U A) —>¢ (z, type;(2), L(2), {(q’,d)} U A) for all d’ € D, if 5(q) = guess(q’).

A node configuration (z, type;(z), (A, B), A) is moving if for every (q,d) € A, we have §(q) = v;q' for some i € [k]. The
moving relations —>y, advance some threads of a moving node configuration to the i-th child. Suppose i € [k] and
(z, type;(2), L(z), A) is a moving node configuration s.t. V; € type;(z). Then

(Za typet(z)7 L(Z)7 A) —)V,‘ (Ziv typet(Zi)v L(Zl), A/)a

where A’ ={(q’,d) | (q,d) € A, 8(q) = Viq'}. Note that A’ may be ¢ if there are no (q,d) € A such that §(q) = Viq'.
The transition relation — of tree configurations is defined as follows. Let C1,Cy be two tree configurations. Then
C1 —> C; if one of the following conditions holds:

e Ci={cjUC and C; ={c'}UC st.c—, .
e C1={c}UC, c=(z type;(2), L(2), A), type;(z) ={Vo, ..., Vi, Vit1,.-., Vk_1} for some i € [k], there is no (g,d) € A s.t.
8(q)=vjq for j:i<j<kandq €Q,and C3={cp,....c}UC sit.c >y, c} for every j:0<j<i.

A run of A over a data tree t = (Z, L) is a sequence of tree configurations Cg...C, s.t. Cg is initial and for all i: 1 <i <n,
Ci—1 —> Ci. Arun Cp...Cy is accepting if Cn C {(z, type;(2), L(2),?) | z € Z}. A data tree t = (Z, L) is accepted by A if there
is an accepting run of A over t. Let £(A) denote the set of all k-ary A-attributed data trees accepted by A.

The closure properties and the decidability of the nonemptiness of ATRAs over finite words can be proved in the same

way as alternating register automata over unranked trees, by utilizing well-structured transition systems (cf. [13]).

Theorem 2.8 ([11,13]). ATRAs are closed under intersection and union. The nonemptiness problem of ATRAs is decidable and non-
primitive recursive.

2.9. Extended data automata

We also assume that A = {a} is a singleton in this subsection and introduce extended data automata [20], another
automata model over (A-attributed) data (w-)words. Extended data automata are an extension of the seminal model of data
automata over data (w-)words [54].

Definition 2.9 (Extended data automata). An Extended Data Automaton (EDA) D over A-attributed data words is a tuple (AP U
T,A,B) s.t. AP and T are defined as above, A is a nondeterministic letter-to-letter transducer over finite words from the
alphabet 247 x 2T to some output alphabet ¥, and B3 is a finite automaton over ¥ U {0} (where 0 ¢ ). On the other hand,
an extended data automaton D over A-attributed data w-words (abbreviated as w-EDA) is a tuple (AP UT, A, B) where A
is a nondeterministic letter-to-letter transducer over w-words from the alphabet 247 x 2T to some output alphabet ¥, and
BB is a Biichi automaton over X U {0}.

Let D=(APUT, A, B) be an EDA and w = (o, (84,0, da,0)) - - - (&n, (Ba.n, da,n)) be an A-attributed data word. Then w is
accepted by D if over («o, Ba.0)--- (¢n, Ba.n), the transducer A outputs a word W' =0y ...0, over the alphabet %, s.t. for
every data value d € D, cstrg(w”) is accepted by 3, where w” = (g, dg,0) . .. (O, dq,n) and cstrg(w”) is defined as oy ...0;,
satisfying that for every i:0 <i <n, o/ =0; if dg; =d, and o/ = 0 otherwise. Note that for every data value d not occurring
in w”, cstrg(w”) = 0™t1,

Let D=(APUT, A, B) be an w-EDA and w = (ao, (Ba.0,da,0)) (@1, (Ba,1,dqa.1)) ... be an A-attributed data w-word. Then
w is accepted by D if over (xo, Ba,0)(®1,Ba,1)--., A outputs an w-word w’' = 007 ... over the alphabet %, s.t. for every
data value d € D, cstrg(w”) is accepted by B, where w” = (09,dq,0)(01,dq,1) .. and cstrg(w”) is defined as ooy ..., satis-
fying that for every i:i >0, o/ =0 if ds; = d, and o] = 0 otherwise. Note that for every data value d not occurring in w,
cstrg(w”) = 0%,

Theorem 2.10. (/54,20]) EDAs and w-EDAs are closed under intersection and union. The nonemptiness problems of EDAs and w-EDAs
are decidable.
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3. Expressiveness

In the following, we compare the expressiveness of VLTL with first-order logic (FO), freeze LTL [55] and BDLTL [14,16]
over A-attributed data words.

3.1. Comparison with first-order logic

The syntax of first-order logic over A-attributed data words is defined by the following rules,

¢ = p(x) | pX) | T(@@x) | ~T(a@x) | a@x = b@y | — a@x = b@y
[x=ylx#y[x<yloVveleorg|Ix ¢|VX ¢,

where pe AP, 7 €T,a,beA.

The atomic formula t(a@x) states that (t,d) occurs in the position x, where d is the data value corresponding to
the attribute a. The atomic formula a@x = b@y states that the data value d and d’ are the same, where d is the data value
corresponding to the attribute a of the position x, and d’ is the data value corresponding to the attribute b of the position y.

Proposition 3.1. VLTL < FO.

Proof. Without loss of generality, we assume that for every VLTL formula ¢, no variables in ¢ are quantified twice. Let
X1,...,Xp be the set of variables occurring in ¢, and x/l, ..., x), be a tuple of variables distinct from xi, ..., x;.

In the following, we provide a translation of the VLTL formula ¢ into a FO formula . The intuition of the translation is
to replace the quantifiers over the data domain by the quantifiers over the positions in the data words. For each variable
quantifier Ix.¢1, we distinguish between the situation that the data value assigned to x will occur hereafter or not. If the
former situation happens, the reference to the data value assigned to x can be replaced by a reference to some future
position x” in data words.

By induction on the structure of VLTL formulae, for a given VLTL formula ¢ with the set of free variables {x;,, ..., X;,}
(where 1 <iy,...,i, <n), we translate ¢ into a FO formula tr,(¢)(z) as follows, where 7 is a function assigning a j@xl(j for

some aj € A to Xi foreach j:1<j<k.

try(p)(2) = p(2), try(=p)(2) = —p(2),

try (T (%))(2) = Vaea (N(X) = a@z A 7(a@z)),

try (-7 (%)) (2) = Agea (—1(X) =a@z vV —1(a@2)),

try (@1 Vv 92)(2) =try(91)(2) V try(p2)(2), try(Q1 A 92)(2) = try(91)(2) Atry(92)(2),

try(Xe1)(2) =3y. y =z + T Atry(p1) (),

trp(Xep1)(2) =Vy. y=z+1— try(p1) (),

trp(@1 U 92)(2) =3y. z< y Atry(@2) W) AVZ. (z<Z AZ < y) = try(p1) (@),

try (@i 91)(2) = try (@) (2) V VaeaIX[. (2 < X[ A tTy1aax,/%1(#1)(2)), Where ¢ is obtained from ¢ by replacing each
occurrence of T(x;) and x;@a’ for T € T and a’ € A with false,

o t1;(VX;.01)(2) = tr(0])(2) A Naea VX[, (2 < Xj — trn[a@xlg/xi](w)(z)), where @] is obtained from ¢; by replacing each
occurrence of t(x;) and x;@a’ for T € T and a’ € A with false.

Claim. Let w be an A-attributed data word, ¢ be a VLTL formula, 2 : free(p) — D, n be a function with the domain free(¢)
such that for each x € free(¢), n(x) = a@x’ for some a € A, A" : {x' | x € free(p)} — N. In addition, for each x € free(¢) s.t.
n(x) = a@x’, A(x) is equal to the data value corresponding to the attribute a of the position A’(x') in w. Then w |=; ¢ iff

W E=o/z) trn (@).

Then a VLTL sentence ¢ is equal to the FO formula 3z.(VZ'.z < Z/) A tr(¢)(z), where 1 is omitted since its domain is
empty. O

3.2. Comparison with freeze LTL

A fragment of LTL with freeze quantifiers (Freeze-LTL) over A-attributed data words was considered in [55]. Freeze-LTL is
defined by ignoring the parameterized atomic propositions, that is, T =, and adding a finite set of registers R. Freeze-LTL
formulae are defined by the following rules,

u=pl=p Il @17 17 oA leve | Xe | XeleUp | @Ry,
where a e A and r e R.
The atomic formula |¢ ¢ is used to store the data value corresponding to the attribute a in the current position into the
register r, and 1% (resp. 17°%) states that the data value corresponding to the attribute a is equal (resp. not equal) to that
stored in the register r.
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Proposition 3.2. Freeze-LTL < VLTL.

Proof. For each freeze-LTL formula ¢, an equivalent VLTL formula tr(¢) can be inductively constructed as follows, where a
distinct data variable x; is associated for each r ¢ R,

tr(p) =p, tr(—=p) = —p,

tr(Jf ©1) = Ixr. X @a A tr(gr),

tr(1;Y) =x@a, tr(17°%) = —x,@aq,

tr(p1 A @2) =tr(er) Atr(gz), tr(gr Vv @2) =tr(er) V tr(gz),
tr(Xe1) = Xtr(e1), tr(Xer1) = Xtr(er),

tr(p1Ugz) =tr(p1) U tr(gs),

tr(p1R@2) =tr(gp1) R tr(gz). O

3.3. Comparison with BDLTL

BDLTL formulae from [14,16] are defined by ignoring the parameterized atomic propositions, that is, T = @.
The syntax of BDLTL is defined by the following rules,

@ u=pl=plorpleVvelXe|Xe|pUp|pRe | Cay.
Vo= 0a|—@a| Yy Ay YV XY X Y IYUTY [YRTY @,

where p € AP,i € N, a € A. The formulae ¢ are called the state formulae, while the formulae i are called the class formulae.

Intuitively, Cél// means that the data value d corresponding to the attribute a is stored into the (unique) register and
the class formula  holds in the i-th position after the current position, under the context that the register stores the data
value d. The class formula @a (resp. —@a) states that the data value corresponding to the attribute a is equal (resp. not
equal) to that stored in the register. The class formula X~ requires that i holds in the position corresponding to the
next occurrence of the data value d. Similarly for X . The formula vU=v, describes the fact that ¥, holds in some
future position i where the data value d occurs, and in each position j:0 < j <i where the data value d occurs, 1 holds.
Similarly for ¥ R= ;.

Remark 3.3. Since VLTL is defined without past temporal operators, we consider BDLTL with only future temporal operators
here.

Proposition 3.4. BDLTL < VLTL.

Proof. Each BDLTL state formula ¢ can be translated into a VLTL formula. The translation is obvious, except for the rule C, f]g[/
and the class formulae. The formula C}y can be translated into the formula 3x. x@a A X' try(y), where try(y) is defined
inductively as follows,

try(@a) = x@a, try(—@a) = —x@a,

trx (Y1 A yr2) = trx(Y1) Atrx(Y2), trx(Y1 V ¥2) =try (Y1) V trx(¥2),
trx(XZ Y1) = X ((Agen (—x@a)) U (Vaeax@a Atry(¥1))),

try(X 1) = Xfalse v try(X= ),

trx(Y1U™¥2) = (Vaeax@a) — try(Y1)) U (VaeaX@a A try(v2)),
trx(Y1R™Y2) = ((Vaeax@a) A try(¥1)) R ((VaeaX@a) — trx(2)).

The argument for the strictness of the inclusion is as follows: Consider the 3*-VLTL formula ¢ in Theorem 4.1 that
expresses the solution of the PCP problem, ¢ cannot be expressed in any BDLTL formula due to the fact that the satisfiability
for BDLTL is decidable [14]. O

4. Decision problems of VLTL
4.1. Satisfiability problem
4.1.1. Undecidability
In this subsection, we will present the undecidability results of the satisfiability and w-satisfiability problems for various

fragments of VLTL. We will only do the proofs for the satisfiability problem, and it is easy to see that the undecidability
proofs carry over to the w-satisfiability problem.

Theorem 4.1. The satisfiability and w-satisfiability problems of 3*-VLTL are undecidable.
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Proof. The proof is by a reduction from the PCP problem.

Let (uj, Vi)1<i<n be an instance of the PCP problem over an alphabet X. A solution of the PCP problem is a sequence of
indexes i ...i;m S.t Ui, ... Ujy, = Vi ... Vip,.

During the proof, we will use the following alphabet, ¥’ =X U{a|aec Z}U{1,...,n}U{1,..., A} U {#}.

The alphabet ¥’ can be encoded by [log(|X’|)] bits. Let AP be a set of atomic propositions of size [log(|X’|)]. For each
o €Y/, let atom(c) denote the element of 24P corresponding to the encoding of &, and type(c’) denote the conjunction
of atomic propositions or negated atomic propositions from AP corresponding to the binary encoding of o. For instance,
if o is encoded by 10 and AP = {p1, p2}, then atom(c) = {p1} and type(c) = p1 A —p3. The definition of atom(o) can be
naturally extended to atom(u) for words u € (/). In addition, let T = {7} and A = {a}.

We intend to encode a solution of the PCP problem, say ij...in, as an A-attributed data word of the form

Wi, Wi, ... Wi, (atom@#), ({t},d)) Wi, ... w;, s.t

m

° prj(wij) = atom(i) atom(u;;) and prj(wiij) = atom(i_j) atom(v;;) forevery j:1<j<m,

o the two sequences of data values in the positions corresponding to respectively atom(iq)...atom(in) and atom(iy) ...
atom(i,,) are the same,

o the two sequences of data values in the positions corresponding to respectively atom(u;,) ... atom(u;,,) and atom(v;,)...
atom(v;,,) are the same.

The A-attributed data words satisfying the above conditions can be expressed by the 3*-VLTL formula ¢ which is the
conjunction of the following 3*-VLTL formulae.

e There is only one occurrence of atom(#) in the data word,
@1 = F type(#) A G(type(#) — XG—type(#)).
e For every j:1<j<n (resp. j), every occurrence of atom(j) (resp. atom(j)) is followed by atom(u ) (resp. atom(v)),
g2=/\ Gltype(j) = Xvu;) A G(type(j) — Xy,
1<j<zn

where y,; is the VLTL formula expressing that atom(u;) will occur in the next |uj| positions and will be followed by
another letter from {atom(1), ..., atom(n)} or atom(#). For instance, if u; = 0102071, then

Yu; = type(o1) A Xtype(oz) A XX [ type(on) A [ X \/  type(j') v Xtype(#)

1<j'<n
Similarly for v, where Xtype(#) is replaced by Xfalse.
e No data values in two positions labeled by letters from {atom(1),..., atom(n)} (resp. {atom(1), ..., atom(n)}) are the

same,
type(j) —
3x. (type(j) AT(X) AXG ( A\ (=type(j) v —-r(x))))

1=j'=n
=\ type(j) —
1<j=<n

3x. (typeG) AT(X) AXG ( A (=type(j’) v ﬂt(x)))>

1<j'<n

e No data values in two positions labeled by letters from {atom(c) | o € X} (resp. letters from {atom(c) | o € X}) are the
same, @4 can be constructed similarly to ¢3.
e The first position (of the data word) and the first position after atom(#) have the same data value,

@5 = 3x. \/ (type(j) A T(x) A F(type(#) A X(type(j) A T(x))).
1<j<n
e The second position and the second position after atom(#) have the same data value,

¥ = 3x. \/ (X(type(o) AT(x)) A F(type(#) A XX (type(o) A T(x))).

oeX
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e The last occurrence of letters from {atom(1), ..., atom(n)} and the last occurrence of letters {atom(1), ..., atom()} have
the same data value,

g7 =3F \/ (type( i) ATE) A X1 type) A Ftype(G) A T(x) A X7 (Yfalse))) .

1<j<n

e The last position and the last position before atom(#) have the same data value,

g =Ix.F \/ (type(o) A T(x) A Xtype(#) A F(type(@) A T(x) A Xfalse)) .

oex

e For every two consecutive occurrences of letters from {atom(1), ..., atom(n)}, there are two consecutive occurrences of
letters from {atom(1), ..., atom(n)} with the same letters (by viewing atom(j) the same as atom(j)) and the same data
values,

0o=G \  ((wpei) A X" ype(ja)) — 3x3y.(¥1 A Fy)).

1<j1,j2=n

where Yy =T(x) A X" 7(y) and ¥, = type(j1) A T(x) A X" (type(iy) A T(y)).

e For every two consecutive occurrences of letters from {atom(c) | o € X}, there are two consecutive occurrences of
letters from {atom(c) | o € X} with the same letters (by viewing atom(o) the same as atom(c)) and the same data
values,

@i0=C J\ (bo— 3Iy.(¥1 A X¥2 AF(Y3 A X9))),

01,02€X

where o = type(o1) A X(type(02) V Vi<j<n(type(j) A Xtype(02)))), Y1 = type(o1) A T(X), Y2 = (type(02) A T(Y)) vV
Vi<j<n(type(j) A X(type(o2) A T(¥))), and 3 = type(a1) A T(X), ¥4 = (type(G2) A T(¥)) V Vi<j<n(type(j) A X(type(a2) A
(¥))).

From the construction, we know that the instance of the PCP problem has a solution iff the 3*-VLTL formula ¢ = A ¢;
1<i<10
is satisfiable. O

By a similar reduction from the nonemptiness of two-counter machines as in the proof of Theorem 4.1 of [13], we can
show the following result.

Theorem 4.2. The satisfiability and w-satisfiability problems of V-VLTL,,s are undecidable.

Proof. The proof is by a reduction from the nonemptiness problem of two-counter machines.

Let A=(Q,q;,3, F) be a two-counter machine over the alphabet ¥, where q; is the initial state, F is the set of final
states, and § € Q x (X U{e}) x {incj, decj,ifzi |i=1,2} x Q.

The set of transition rules § can be encoded by [log(|5])] bits. Define AP as a set of atomic propositions of size [log(|§])].
In addition, let T = ¢ and A = {a}. For each (q, 0, ¢,q’) €8, let atom((q, 5, ¢, q’)) denote the element of 24”7 corresponding
to the binary encoding of (q,0, ¢, q’), and type((q, 0, £, q")) denote the conjunction of atomic propositions or negated atomic
propositions corresponding to the binary encoding of (q,0,¢,q).

An accepting run of a two counter machine can be encoded by an A-attributed data word w satisfying the following
conditions,

1. prj(w) is of the form

atom((qo, 01, £1,q1))atom((q1, 02, €2, q3)) ...atom((qn—1, On, €n, qn))

s.t. qo=gqj, foreveryi:1<i=<n, (qi-1,0i,¢i,qi) €6, and g, € F,

2. for every j=1,2, no two occurrences of atom((qi—1, 0y, ¢i, q;i)) S.t. £; =inc; (resp. ¢; = dec;) have the same data value,

3. for every j=1,2 and every occurrence of atom((qj—1, 0, £;, q;)) S.t. £; =incj, there is an occurrence of atom((qy—1, oy,
Lir,qi)) s.t. £y =decj on the right with the same data value, in addition, in between, there is no occurrence of
atom((qj»—1, oy, Liv, qiv)) st Lin = if zj,

4. for every j=1,2 and every occurrence of atom((qi—1, 0i, £, qi)) s.t. £; =decj, there is an occurrence of atom((gy_1, oy,
Ly, qy)) s.t. £y =incj with the same data value.

The first condition is expressed by the following VLTL formula ¢y, without variables,

1 =Yp AYi AYs A,
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where y, states that in each position of data words, at most one element of § occurs,

vo= /\ G (wpe®r) > pe@)).

01,02€8,01#6

¥i and v describes the initial and final state respectively,

vi= \/ el o. ),

(q1,0,¢,9)€8

vr=F \/  (type((g.0.t.q)) A Xfalse),
(q,0,¢,q9')€d,q'eF

and v states the conformance to the transition relation,

ve= /\ Glopeqon a0 —>X \/  type((gz, 02, £2,43))
(d1,01,41,q2)€8 (42,02,£2,43)€8

For ¢ =incj,decj (where j=1,2), let ¥, x =x@a A \V type((q, 0, £,q)). In addition, for £ =ifzy,ifzs, let ¥, =
(q,0,¢,q')ed
\V type((q, o, £,q’)). Note that the formula x@a, instead of (), is used in vy x.
(q,0.,0,q')€é
The second condition is expressed by

2= /\ (G (Vineyx > XC(ines 0) A G (Vaee,.x > XC(Waee, ) ) -

j=1.2

The third condition is expressed by

Q3= /\ G (‘pincj,x — (XFl/fdecj,x /\YG(T/fifzj - YG‘/’decj-,x))) .

j=1.2

The fourth condition is expressed by

(e /\ (Fl//decj,x - FWincj,x) ,

j=1.2

Then the formula ¢ =Vx. (p1 A @2 A @3 A @4) defines the set of A-attributed data words that encode accepting runs
of A.
From the construction, the language £(.A) is nonempty iff ¢ is satisfiable. O

In [18], it is claimed that if A is a singleton, the satisfiability problem of the VLTL formulae in prenex normal form, where
the quantifier prefixes are of the form 3*V, is decidable, which seems contradicting to Theorem 4.2. However, VLTL defined in
[18] is incomparable with VLTL defined in this paper, in the sense that the atomic formulae x@a are not available in [18] and
the data variable comparison modalities are not available in VLTL defined in this paper. The fragment in [17], excluding the
data variable comparison modalities, corresponds to RVLTLy,s in our framework (cf. Section 2.3). Moreover, in the conclusion
of [18], it was mentioned that the satisfiability of “VV-RVLTLy,¢" is undecidable, by adapting the undecidability proof of the
model checking problem of “33-RVLTL,,¢” over variable Kripke structures in [17]. This statement is questionable since the
definition of the logic in [18] is different from that in [17] (recall that the logic in [17] includes the modalities T, while
that in [18] does not). The fragment in [18], excluding the data variable comparison modalities, corresponds to RVLTL;nf in

our framework. In the following, we clarify the decidability frontier of RVLTL,,s and RVLTL;'nf and show that the two logics
behave quite differently for the satisfiability problem.

RVLTL;:nf. The satisfiability of VV—RVLTL;nf is undecidable; moreover, if A is a singleton, then the satisfiability of V-RVLTL;’H
is undecidable (cf. Theorem 4.3).

RVLTLy,f. The satisfiability of YV3-RVLTL,,s and VY3V-RVLTL,,s is undecidable; moreover, if A is a singleton, then the sat-
isfiability of Y3-RVLTL,,s is undecidable (cf. Theorem 4.5). On the other hand, the satisfiability of 3*V*-RVLTL,,s is
decidable (no matter whether A is a singleton or not, even extended with data variable comparison modalities), by
utilizing a quantifier-elimination argument (cf. Section 4.1.4).

f

Theorem 4.3. The satisfiability and w-satisfiability problems of VV—RVLTL;nf are undecidable. In addition, if the set of attributes A is

a singleton, then the satisfiability and w-satisfiability problems of ‘v’—RVLTL;;1 5 are undecidable.
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Proof. We first consider the situation that A is a singleton, say {a}. Then there is a unique data value at each position of
A-attributed data words.
The reduction is the same as that in the proof of Theorem 4.2, with the following modifications,

o T={1},
o the formula x@a in Yy x is replaced by 7 (x),
e moreover, a formula g5 =G 7 is added to ¢, thatis, ¢ =Vx. @1 A @2 A @3 A Qs A @5.

The formula @5 guarantees that the parameterized atomic proposition T occurs at each position, which removes the trivial
satisfaction of ¢ by letting T occur nowhere in the data words.

We then consider the situation that A is not a singleton. Then there are multiple data values at each position. The
reduction in this case is an adaptation of the above reduction by setting ¢ =VxVy. /\ ¢;, where ¢, ..., @5 are the same

0<i<5

as above, and @ = F(t(x) A T(¥)) = G(t(x) <> T(¥)). The formula ¢ is used to avoid the bad situation that an occurrence
of incj (j=1,2) carries two distinct data values d1, da, but there are two distinct occurrences of dec;, with one carrying the
data value d; and the other carrying the data value d,. If such a situation happens, then the increments and decrements of
the two-counter machine cannot be matched in the desired way and the validity of the zero tests cannot be guaranteed. O

Remark 4.4. It is open whether the satisfiability and w-satisfiability problems of V—RVLTL;nf are decidable, when A is not a
singleton.

Theorem 4.5. The satisfiability and w-satisfiability problems of YY3-RVLTL,,¢ and VY3V-RVLTLp,s are undecidable. In addition, if the
set of attributes A is a singleton, then the satisfiability and w-satisfiability problems of V3-RVLTLy,s are undecidable.

Proof. We first consider the situation that A is a singleton, say {a}.
The reduction is the same as the case that A is a singleton in Theorem 4.3, with the following modifications: ¢g =
vx3z. A\ @i, where @1, 2, @3, ¢4 are the same as in Theorem 4.3, and ¢5 = G(—T(x) — T(z)). Since each position n
1<i<5
of A-attributed data words carries a bounded number of data values, there is d € D such that —t(x) is satisfied in the
position n, so t(z) is satisfied in the position n for some z. Therefore, @5 here plays the same role as Gt in Theorem 4.3.
We then consider the situation that A is not a singleton. The reduction is still the same as the case that A is not a
singleton in Theorem 4.3, with the modification that o =VxVy3z. A @i or o =Vx3zVy. A @i, where ¢1,..., @4 are

1<i<5 1<i<5

the same as in Theorem 4.3, and ¢5 = G(—7(x) = 7(2)). O

Remark 4.6. It is open whether the satisfiability and w-satisfiability problems of Y3-RVLTL,,s are decidable, when A is not
a singleton.

Theorem 4.7. The satisfiability and w-satisfiability problems of EIV—VLTL';ZC}I’ , V’EI—VLTL';;;C}p ,and Vb’—VLTL';f:f}p are undecidable.

Proof. We first consider EIV-VLTLZZ‘}" )

From Theorem 4.2, we know that the satisfiability of V-VLTL,,s is undecidable. In the proof of Theorem 4.2, the atomic
propositions from AP are essential to express the first condition, that is, the projection of a data word conforms to the
transition relation of the two-counter machine. Since atomic propositions from AP are forbidden in EIV—VLTLZ‘:}" , We propose
a way to encode the atomic propositions by the equality relation of data values in the following.

Let ¢ = Vx.yr be the formula constructed in the proof of the undecidability of V-VLTLyn¢ in Theorem 4.2. Suppose ¢ =

Vx.¢ is in negation normal form. Our goal is to construct an 3v-VLTLD™ formula ¢’ such that ¢ is satisfiable iff ¢’ is

satisfiable. The undecidability of the satisfiability of EIV-VLTL';?;}" then follows from Theorem 4.2. Note that the formula ¥
uses X, X, F, G temporal operators, but not U or R, and it uses no parameterized atomic propositions from T. Without loss
of generality, we assume that T =¢.

Suppose AP ={p1,...,px}, T =%, and A = {a}. Let AP’ =0 and T’ = {7}}. We intend to encode an A-attributed data
word w over AP UT into an A-attributed data word over AP’ U T’ satisfying the following conditions,

o there is a data value d such that d occurs in all the positions i(k + 2) for i € N (the position indices start from 0),

e 7} occurs in all the positions i(k 4 2) for i € N, but nowhere else,

e for each i € N, the position i of w is encoded by the block of w’ from the position i(k + 2) to the position (i + 1)(k +
2) — 1, where the data value d at the position i of w is put in the position (i +1)(k+2) —1=1i(k+2) + (k+ 1) of w’,
and for each j, p; (resp. ;) is true in the position i of w iff d occurs in the position i(k 4 2) 4 j (resp. i(k +2) +k+ j)
of w'.
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noap

We construct a VLTL ¢ formula ¢’ =3yVx. Yo A ¥’ as follows.

e Yo expresses that t{(y) occurs in the position i(k + 2) for every i € N, but nowhere else,

—(k+2 i
Vo= AG [ — | X gma N\ x-gm | ]

1<i<k+2

e ' is obtained from v by applying the following replacements in bottom-up along the syntax tree of . Here we
assume that ¢ is in positive normal form (Note that some formulae in Theorem 4.2 are not in positive norm form,
which are put on purpose to ease the reading). '

1. For each eventual occurrence of p; (resp. —p;) in ¥, replace p; (resp. —p;) with the formula 75(y) A X/y@a (resp.
75(y) A X/—y@a), where pj € AP.

2. For each persistent occurrence of p; (resp. —p;), replace p; (resp. —p;) with the formula 7{(y) — X/y@a (resp.
74(y) — X/—y@a), where p; € AP.

3. For each eventual occurrence of x@a (resp. —x@a), replace x@a (resp. —x@a) with the formula zj(y) A Xk+1x@a
(resp. T5(y) A XKt1-x@a).

4. For each persistent occurrence of x@a (resp. —x@a), replace x@a (resp. —x@a) with the formula z)(y) — Xkt1x@a
(resp. T4(y) — XK1 —x@a).

5. For each eventual occurrence of the subformula of the form X¢ (resp. X¢), replace X¢ (resp. X¢) with the formula
5(0) A XKF2(5(y) A @) (resp. Th(¥) A Ykﬂ(ré(y) AQ)).

6. For each persistent occurrence of the subformula of the form X¢ (resp. X¢), replace X¢ (resp. X¢) with the formula

, <k+2
75(y) = X2 () (y) A @) (resp. Tj(y) > X - (Tg(¥) A PN).
For instance, let k=2 and ¢ = XG((—p1) v XFp>), then the following formula ¢’ is constructed,

@' = 3y. th(y) A XHTH(Y) A GI(TY(Y) > X=y@a)v
Ty (y) = X4, (y) A F(Th(y) A X2y@a)))]).

From this example, the reader may understand better why we need distinguish between eventual and persistent occurrences
of the subformulae.
From the construction, we know that ¢ is satisfiable iff ¢’ is satisfiable.

For VE!—VLTL';Z‘}” , the construction is similar, with the modification that ¢’ is replaced by ¢” = Vx3y. o A ¥'. Because

A = {a} is a singleton, it follows that ¢ is satisfiable iff ¢” is satisfiable.

For VV—VLTL';?f}p , let ¢ =VyVx. (y@a — (Yo A ¢')). Since there is exactly one data value occurring in the position 0 of
an A-attributed data word (recall that A = {a}), it follows that ¢ is satisfiable iff ¢’” is satisfiable.

Finally, it is easy to see that the proofs can be adapted to the w-satisfiability of IV-VLTL™%?, v3-VLTL™? and

noap pn pnf
W—VLTLpnf . O

In the following, we state an undecidability result for the w-satisfiability problem, while the corresponding satisfiability
problem is decidable (cf. Theorem 4.10).

Theorem 4.8. The w-satisfiability problem of NN-3*-VLTL is undecidable.

Proof. We reduce from the nonemptiness of two-counter machines with incrementing errors over infinite words, which is
known to be undecidable [11]. The reduction is similar to that in Theorem 4.2, the conjunction of the first three conditions
there can be expressed by a NN-3*-VLTL formula ¢’, with the formula ¢ replaced by

vr=GF \/  type. 0.9

(q,0,¢,q9")€é,qeF

Then the nonemptiness of a two-counter machine .4 with incrementing errors over infinite words is reduced to the
w-satisfiability of ¢’. O

4.1.2. Decidability: NN-3*-VLTL
We first present the encodings of A-attributed data words into A’-attributed data words where A’ is a singleton.
Suppose A ={ag,...,ax—1} and A’ = {a'}.
Suppose that w = wq ... wy is an A-attributed data word over APUT s.t. for every i: 1 <i <n, w; = (A, ((Bi,0,di0),---,
(Bik-1,di k-1))). Let p’¢ APUT and AP’ = AP U {p’}. An A’-attributed encoding of w, denoted by enc(w), is a data word
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AP={p} T={r} A={ap,ai}

| 0 {n} {r}
ao ({T}7d1) (®7d3) ({T}vd5)
a1 (Q)vd?) ({T}vd‘l) ({T}vdﬁ')
enc(w) :

{r'}, ({7} d1)) (0.0, d2)) ({p, 0’} (0, ds)) ({p}, ({7}, da)) (0"}, ({73, ds)) ({p}, ({7}, de))

Fig. 1. A’-encoding of A-attributed data words.

w = Wb,o . W6,1<—1 ...W;LO . w,/LK_l over AP’ UT st foreveryi:0<i<n, W;,o = (A; U{p’}, (Bio,dio)), and for every
j:1<j<K-1, w;,j = (Ai, (Bi j,d; j)). Fig. 1 shows an example of A’-attributed encoding of A-attributed data words,
where AP ={p}, T ={t}, K =2, A ={ap, a1}, each position of w is encoded by two consecutive positions in enc(w), and
the atomic proposition p’ holds in the positions of even indices, that is, 0,2, .. ..

We then present an encoding of VLTL formulae over A-attributed data words to VLTL formulae over A’-attributed data
words.

Suppose that ¢ is a normalized VLTL formula. Then enc(¢) = @] A ¢} with @] and ¢/, defined as follows.

e (] puts restrictions on the occurrences of p’ and the atomic propositions from AP,
N [(Mo<i<k-1X'P) V (No<i<k-1X'=P)]IA

A Xi=p AX P

1<i<K—1
Intuitively, ¢ states that p” occurs in the first position, for every occurrence of p’ in some position, p’ will occur in
the K-th position after it if there is such a position, but does not occur in between, moreover, for every p € AP, either
p occurs in all the positions between two adjacent occurrences of p’, or occurs in none of them.

e ¢ is obtained from ¢ by the following procedure.

Replace every eventual occurrence of X¢ (resp. X¢) by p’' A XK¢b (resp. p' A X" ).

1.

2. Replace every persistent occurrence of X¢ (resp. X¢) by p’ — XX¢ (resp. p’ — YK¢).

3. For every p € AP, replace every eventual occurrence of p (resp. —p) by p’/\\/oS,-SK,]X"p (resp. p’ /\Vgﬁiik,]X"—'p),
and every persistent occurrence of p (resp. —p) by p’ — Vo<i<k_1X'p (resp. p’ — Vo<i<k_1X'—p). The formula
v05i5,<_1Xip (resp. v05i5,<_1Xi—-p) states that p (resp. —p) occurs in one of the next K positions. This is sound
since for every p € AP, @] requires that either p occurs in all of them or none of them.

4, For every T € T and x € Var, replace every eventual occurrence of t(x) (resp. =7 (x)) by p’ A v05;51<_1xit(x) (resp.
pA vogflg_lx"—-r(x)), and every persistent occurrence of t(x) (resp. =t (x)) by p’ — voiifk_lxir(x) (resp. p’ —
Vo<i<k—1X'=T(X)). , ‘

5. For every i € [K], replace every eventual occurrence of x@a; (resp. —x@a;) with p’ A X'x@a’ (resp. p’ A X'—x@a'),
every persistent occurrence of x@q; (resp. —x@q;) with p’ — X'x@a’ (resp. p’ — X'—x@a').

Proposition 4.9. For every VLTL formula ¢ over A-attributed data words, it holds that enc(L(¢)) = L(enc(¢)).
Theorem 4.10. The satisfiability problem of NN-3*-VLTL is decidable and non-primitive recursive.

Proof. The proof is by a reduction to the nonemptiness problem of AWRA.

Let ¢ be a NN-3*-VLTL sentence. From the definition of enc(¢p), it is not hard to observe that enc(¢) is also a NN-3*-VLTL
sentence. In addition, from Proposition 4.9, we know that enc(L(¢)) = L(enc(¢)). Therefore, it is sufficient to consider the
satisfiability of enc(¢) over A’-attributed data words (recall that A’ is a singleton).

Since the quantifiers are not nested, without loss of generality, we assume that there is only one variable, say x, used
in ¢. Note that the variable x may be reused and existentially quantified for many times.

Our goal is to construct an AWRA Aenc(g) S.t. L(Aenc(g)) = L(enc(p)). We will construct the AWRA by an induction on
the syntax of NN-3*-VLTL formulae.

The construction of an AWRA for atomic formulae or negated atomic formulae, Boolean operators and temporal operators
is similar to the construction of alternating automata from LTL formulae (cf. [1]).

For existential quantification ¢ = 3x.v, suppose that an AWRA A, with the initial state qy, has been constructed, then
an AWRA A, can be constructed by adding a state q, as the new initial state and adding the transitions §(qy) = guess(qy).
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The non-primitive recursive lower bound is by a reduction from the nonemptiness problem of two-counter machines
with incrementing errors over finite words (cf. [11]). The reduction is similar to that in Theorem 4.2, where all the four
conditions, except the last, can be expressed in NN-3*-VLTL. O

4.1.3. Decidability: v-vmijji"

In the following, we state and prove the decidability result for V-VLTLE%%

pnf *

Theorem 4.11. The satisfiability and w-satisfiability problems of V—VLTLiﬁ?p are decidable.

Proof. Suppose ¢ =Vx. ¢ is a V—VLTL‘gi;p sentence over APUT.
From the definition of enc(-), we know that enc(¢) = @] A ¢} and ¢/, =Vx. ¥’ for some quantifier free VLTL formula v’
Then enc() can be rewritten into Vx. (¢ A ¥'), since no variables occur in ¢]. So enc(¢) is a V-VLTL,,s sentence over

AP’UT, where AP’ = AP U {p’}. The formula ¢ requires that p’ occurs in the positions pos s.t. pos =0 mod K. It is not
hard to observe that if ¢ is a V—VLTLf’i;p sentence, then ¥’ can be rewritten into a quantifier free VLTL formula where all
the occurrences of p and —p for p € AP are guarded by the positive occurrences of x (that is, t(x) for some t € T, or x@a’).
For instance,

o for an eventual occurrence of p A T(x) in ¥ s.t. p € AP and 7 €T, it is transformed into (p’ A \/ Xip)y A (p' A

0<i<K—1
\/  Xir(x)) in ¢', which is equivalent to p’ A \/  X!(p A T(x)), since either none of Xip holds or all of them
0<i<K-1 0<i<K-1
hold,

e for an eventual occurrence of =(p A T(x)) in ¥ s.t. p€ AP and t €T, it is equivalent to =p vV =1 (X) = (—p A T(X)) V

—7(x), which is then transformed into [p’ A \/ X/(=pATG)IVIP'A A Xi-t®)]in y/,
0<i<K-1 0<i<K-1
o for an eventual occurrence of p A x@q; in ¥ s.t. p € AP and g; € A, it is transformed into (p' A/ Xipy A (p' A
0<j<K-1

Xix@a') in ¥', which can be replaced by p’ A Xi(p A x@a’), since either none of X/p holds or all of them hold,

e for an eventual occurrence of =(p A x@q;) in ¢ s.t. p € AP and q; € A, it is equivalent to (—p A x@q;) vV —x@q;, which is
then transformed into (p’ A X{(=p A x@a)) v (p’ A Xi=x@a') in '

Lgdap

By abuse of notation, we still denote the resulting formula by v'. Note that the formula Vx. (] A ¥') is not a V-VLT onf

formula since the occurrences of p’ are not guarded.

To continue the proof, we introduce the following notation. Suppose w = wq...w, is an A’-attributed data word over
AP’ UT. Then prjapur (W) = Wolap'uT - .- Wnlapur, Where for every i:0 < i <n, suppose that w; = (A;, (B, d;)), then
Wwilapur = (Ai, Bi). The definition of prjspur(-) can be naturally generalized to languages of A’-attributed data words.

From Proposition 4.9, we know that the satisfiability of ¢ over A-attributed data words is reduced to the nonemptiness of
the language L(enc(p)) over A’-attributed data words. The nonemptiness of L£(enc(¢)) is then reduced to the nonemptiness
of prjapur(L(enc(g))).

In the following, we will construct an EDA Depc(y) from enc(p) = Vx. (97 A ¥') s.t. L(Denc(g)) = Priaprur (Lenc(e))).
The decidability then follows from Theorem 2.10.

The EDA Denc(y) = (AP’ UT, A, B) is constructed as follows.

e A is the identity transducer which checks that the atomic propositions from AP’ occur in a desired way, that is, p’
occurs exactly in the positions pos s.t. pos =0 mod K, and for each p € AP and a position pos: pos =0 mod K, either
p occurs in all the positions pos, pos+1, ..., pos+ K — 1, or p occurs in none of them.
e B is constructed from Vx. (p; A ¥') by the following procedure.
1. Construct an LTL formula v” from v as follows. Intuitively, v verifies that the constraint v is satisfied for a fixed
valuation of x (the positions where the data value assigned to x occurs are exactly the positions where the symbols
(A, B, 1) € 24P x 2T x {1} occur).
- Replace every occurrence of p’ (resp. —p’) by the formula ({p’},0) Vv \/ (A,B,1) (resp. (4,0) Vv

p'€ACAP ,BCT
\V (A, B,1)).
p'¢ACAP' . BCT
- Replace every occurrence of p A T(x) (resp. —=(p A T(x))) by the formula \V (A,B,1) (resp. ({p'},0) v
pEACAP' ,TeBCT
?,0) v \V (A,B,1) v \Vi (A, B, 1)). Similarly for —p A t(x) and —=(=p A T(x)).
pEACAP BCT ACAP' T¢BCT
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- Replace every occurrence of p A x@a’ (resp. —=(p A x@a’)) by the formula V (A,B,1) (resp. ({p’},0) v

peACAP' ,BCT
@,0) v \ (A,B,1)).
PEACAP' BCT
- Replace every occurrence of t(x) by the formula V (A, B,1).
ACAP/,teBCT
Replace every occurrence of —7(x) by the formula ({p’}, 0) v (4, 0) v \V (A, B, 1).
ACAP' T¢BCT

- Replace every occurrence of x@a’ by the formula V  (A/B,1).
ACAP’,BCT
- Replace every occurrence of —=x@a’ by the formula ({p’}, 0) v (4, 0).

2. Construct a finite state automaton Ay~ over the alphabet ' =247 x 27 x {1} U2P") x {0} from .

3. Finally, from Ay = (%', Q, Qo, 4, Qy), construct a finite automaton B = (X, Q x [K], Qo x {0},8", Qf x {K —1}).
Intuitively, B guesses the occurrences of p’ in the positions pos s.t. pos =0 mod K, and simulates .Ay~. Formally,
in B, & = AP x 2T x {1}) U{0}, and &' is defined by the following rules,

- if (q, (A, B,1),q)) €8 for AC AP’ s.it. p’ € A, then ((q,0), (ANAP,B,1),(¢,1)) € ¥,

- if (q, (A, B,1),q") €8 for AC AP’ s.t. p’ ¢ A, then for each j:0 < j <K, ((q, j), (A, B,1),(¢, j+1 mod K)) € §,
- if (@, ({p'}.0).q) €4, then ((q.0),0.(q". 1)) €&,

- if (q, (4, 0),q) €4, then for each j:0 < j <K, ((q, j),0, (¢, j+1 mod K)) €§'.

For the w-satisfiability problem, the construction of the w-EDA is adapted from the EDA constructed above, with the
following modifications.

e Construct from " a Biichi automaton Ay~ over the alphabet &' =247 x 2T x {1} U 2P x {0}.
e From A, = (%', Q, Qo, 8, Qy), a Biichi automaton B= (%, Q x [K], Qo x {0}, 8", Q5 x [K]) is constructed, with ¥ and
8’ defined the same as above.

The decidability of the w-satisfiability of V-VLTLf,;"}p then follows from Theorem 2.10. O

4.1.4. Decidability: 3*V*-RVLTLps

Theorem 4.12. The satisfiability of 3*V*-RVLTLpyy is in EXPSPACE and PSPACE-hard. In particular, the satisfiability of Ei"V*—RVLTLpn f
(where k is a constant) is PSPACE-complete. The results hold even for the extension of 3*V*-RVLIL,,; with data variable comparison
modalities.

Proof. The proof is obtained by a special way to eliminate the universal variable quantifiers from the formulae.
Without loss of generality, we assume that for each 3*V*-RVLTL,,s sentence ¢, no variables in ¢ are quantified twice.
Let ¢ =3x1...3xVy1...Vy,. ¥ be an I*V*-RVLILy,s sentence. For each function f from {1,...,1} to {0, 1,...,k}, define
the formula elmy () as follows: For each i e {1,...,1},

e if f(i) =0, then for each t € T, replace each occurrence of t(y;) (resp. =t (y;)) with false (resp. true),
e otherwise, replace each occurrence of y; with x.

Note that the formulae elmy(y) contain only the variables xq,...,x,. In addition, let elmy(¢p) denote the sentence
3x1...3x. Af elmyg(y). The size of elmy(g) is exponential over k. In the following, we will show that ¢ is satisfiable
iff elmy(¢) is satisfiable. The complexity upper bounds then follow from the fact that the satisfiability of 3*-RVLTL,y is
PSPACE-complete (cf. Proposition 2.5). The complexity lower bound is from that of LTL.

Claim. ¢ is satisfiable iff elmy(¢) is satisfiable.

Proof of the Claim. The “Only if” direction is easy. We only present the proof for the “If” direction.

Suppose elmy(¢p) is satisfiable. Then there is an A-attributed data word w such that w =3xy...3x. A elmys(¥). So
there are dy, ..., dy such that w =, Ay elmy(y), where A is the function that assigns d; to x; for each j:1 < j<k. Let w’
be the data word obtained from w as follows: For each occurrence of (8,d) such that 8 € 2T and d ¢ {d1, ..., di}, replace
(B,d) with (4, d). In the following, we show that w' =, Vy1...Vy,.y. Thus w’ =3x;...3xVy1...Vy,. ¢ and g is satisfiable.

To show that w' |=, Vyp...Vy.y, it is sufficient to show that for each tuple of data values d,...,d],
W B ;...

Let d’1, ceey d; be a tuple of data values and f be the function from {1,...,1} to {0,1,...,k} such that foreachi:1<i <],
f@)=0ifd; ¢ {d,....di}, and f(i) =min({j | 1 < j <k,d; =d;}) otherwise. Then w k=, elm(v/). Let d’ be a data value
not occurring in w and A’ be the function that extends A by assigning d’ to y; if f(i) =0, and d;, to y; otherwise. Because
w = elmg (), and for each i:1 <i <I such that f(i) =0, t(y;) (resp. =7(y;)) is replaced by false (resp. true) when
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constructing elm () from v, moreover, A'(t(y;)) (resp. A'(—=7(y;))) evaluates to false (resp. true) in each position of w, we
deduce that w =5 .

For each 7 € T and i: 1 <i <! such that f(i) =0, we know that A’(y;) =d’. Since d’ does not occur in w, according the
construction of w’ from w, we know that d’ does not occur in w’. Therefore, A'(7(y;)) (resp. A'(—=t(y;))) evaluates to false
(resp. true) in each position of w’. Because w =y ¥ and w’ and w are identical in the positions that hold the data values
d1,...,d, we deduce that w’ =,/ .

Moreover, for each t(y;) such that f(i) =0, since d; ¢ {d1,...,dy}, we deduce that (A[d|/y1,...,d]/yi])(T(y:)) (resp.
(A[d}/y1.....d/y1])(=T(¥:))) evaluates to false (resp. true) in each position of w’. Because A’ and A[d)/y1,....d/yi]
agree on the data values assigned to xq,...,x; as well as to the variables y; such that f(i) # 0, we conclude that

/
w '=A[d’1/y1,--.,d;/y1] ¥. O

The results of Theorem 4.12 can be extended to the situation that the data variable comparison modalities e.g. x =y and
—x =y are available by adapting the construction of elmy(p) slightly to include the equality and inequality information be-
tween the variables y;’s s.t. f(i) = 0. Thus Theorem 4.12 extends the results in [18], where the satisfiability of 3*V-RVLTLp,s
(with data variable comparisons) was claimed to be decidable. On the other hand, it is open whether the w-satisfiability of
F*V*-RVLTLpys is decidable.

4.2. Model checking problem

In this section, we prove the undecidability of the model checking and w-model checking problems for fragments of
VLTL. We will only present the proofs for the model checking problem and the proofs can be easily extended to the w-model
checking problem.

Since a VKS can be defined to accept the set of all A-attributed data words where A is a singleton, we deduce the
following result from Theorem 4.1.

Corollary 4.13. The model checking and w-model checking problems of V*-VLTL are undecidable.

Proof. We prove the corollary by a reduction from the satisfiability problem of 3*-VLTL over A-attributed data words where
A is a singleton.
Suppose ¢ is an 3*-VLTL sentence over AP U T. Then the negation of ¢, more precisely, @, is a V*-VLTL sentence.
Define a VKS K = (AP, X, S, R, So,I,L, L") as follows:

X = {x,
S=So={sil1<i<|24PU2T]},
R={(s,5s)|Vs,s €8S},

I(s) = {true} for all s € S,

L is a bijection function from S to 247 U 2T x X,
L'(e) = {reset} x X for every e € R.

It is easy to see that L£(K) is the set of all the A-attributed data words over AP UT where A is a singleton. Thus, ¢ is
satisfiable iff @ is not valid iff L(K) € L(@) iff K@, O

Similarly, we deduce from Theorem 4.2 and Theorem 4.7 the following two results.
Corollary 4.14. The model checking and w-model checking problems of 3-VLTL,,s are undecidable.

Corollary 4.15. The model checking and w-model checking problems of VEI-VLTLZZC}" ) EIV-VLTLZZ‘}" ,and EIEI—VLTL';ZC}" are undecidable.

Theorem 4.16. The model checking and w-model checking problems of 3-RVLTL,,s are undecidable.

Proof. In the following, we only present the arguments for model checking problem. It is easy to see that the arguments
can be extended to w-model checking problem.

We prove the theorem by a reduction from the satisfiability problem of V-VLTLp,s. Let ¢’ be the sentence obtained
from ¢ constructed in the proof of Theorem 4.2 by replacing x@a with t(x), where 7 is a newly introduced parameterized
atomic proposition. Let 4 be the two counter machine defined as in the proof of Theorem 4.2. It is easy to see that £(A)
is nonempty iff ¢’ is satisfiable over the A-attributed data words in which 7 occurs at each position (Note that A = {a}).
Note that ¢’ is a V-RVLTL,,; sentence and ¢’ (the negation of ¢’) is an 3-RVLILp, sentence.

Define a VKS K = (AP, X, S, R, So,I,L, L") as follows:

o X=1{x},
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S=So={si|1=<i=<24P]},

R={(s,s")|Vs,s' €8S},

I(s) = {true} for all s € S,

L is a bijection function from S to {P U {(t,x)} | P C AP},
L'(e) = {(reset, x)} for every e € R.

It is easy to see that L£(K) is the set of all the X-attributed data words over AP U T in which 7 occurs in each position
(Note that X is a singleton). Thus, ¢’ is satisfiable over X-attributed data words in which T occurs in each position iff
LU N L@ #0iff LK) L L(@") iff K =g

Therefore, the model checking problem of 3-RVLTL,,s is undecidable. O

We can also deduce from Theorem 4.8 the following result.
Corollary 4.17. The w-model checking problem of NN-V*-VLTL is undecidable.

In the following, we will deduce from the decidability of the satisfiability problem of NN-3*-VLTL the decidability of the
model checking problem of the dual fragment. For this purpose, we show the following preliminary result.

Proposition 4.18. Let K be a VKS. Then enc(L(K)) can be defined by an AWRA.

Proof. Let X = (APUT,X,S,R,So,I,L,L") be a VKS and K = |X|. Suppose AP = {p1,....pi}, T ={11,....Tm}, X =
{x0,...,Xk—-1}, and S = {sq, ..., Sp}. Without loss of generality, we assume that So = {s1,...,s;} for some r:1<r <n.
In addition, we assume that for every s € S, a linear order is fixed for R(s), that is, the set of successors of s. Let k be the
maximum number of successors of states in /C.

Let p’¢ APUT, AP = AP U{p’}, and A’ = {a’}. Then enc(L(K)) is a set of A’-attributed data words over AP’ UT.

Construct an AWRA A = (AP’ UT, Q,qo,8) to define enc(L(K)) as follows. Intuitively, when reading an A’-attributed
data word w’, A nondeterministically chooses a finite path 7 of K and verifies that w’ conforms to the invariants I(s) for
s € S and the constraints induced by the edge-labeling function L’ (e.g. for an edge (s,s’) € R s.t. (reset,x) ¢ L'(s,s’), the
value of x in s is the same as that in s"). Note that during the construction, for the convenience of the presentation, we use
the arbitrary positive Boolean combinations of states in the definition of §. Auxiliary states can be introduced to transform
3 into the standard definition. More specifically, .4 is constructed as follows.

e Q includes all the states occurring in the definition of §, where

- the states ((s,s’), j) for j € [K] are used to record the choice of the edges out of s (where the indices j are added
due to the fact that each position of w corresponds to K consecutive positions in enc(w)),

- the states (s, —, j) where j € [K] are used to indicate that the current path of /C stops in the state s,

- the states (s, 0, ), the states (s, j,x; op Xy), and the states (s, j, (xj)op) are used to enforce the invariants I(s) for
s € S, where ¢ is a subformula of I(s), j € [K] and op € {=, #},

- the states (s,0, ), the states (s, j, p;) and (s, j, —p;), and the states (s, j’, Ti(x;)) and (s, j', —=7i(x;)) are used to
verify the conformance to the state-labeling function L, where v is a subformula of ¢ (defined later), p; € AP,
tieT,xjeXand j,j e[K—1],

- the states ((s,s’), j, x;) and the states ((s,s’), j, (x;)=) are used to enforce the constraints between the pair of variable
valuations in s and s’ respectively induced by the edge-labeling function L'(s, s).

e (o is the initial state.
e § is defined as follows.

For each state s € S, let ¢, (5 denote the formula (01 ANOGINA...O_1NO) .. ) AMoA@MaAA...(M k=1 AM20AC-A

(Mm. k=2 ANm.k-1)--.)))...)), where for every i:1<i<I, 6; = p; if p; € L(s), 6; = —p; otherwise; for everyi:1<i<m

and j:0<j<K -1, n;;=1x)) if (7;,xj) € L(s), n;,j = —Ti(xj) otherwise.

- 38(q0) = (51,0) V (s2,0) V- - - v (51, 0).

- For every s € S, let R(s) = {sp,...,s}, then 8((s,0)) = p’ A (5,0,1(s)) A (5,0, 915 A ([(5,57,0) V--- V (5,5, 0] Vv
(s, —,0)). Intuitively, when the current path is in the state s, either some successor s;, of s (where 0 <i’ <i)is
chosen as the next state in the path and the state of A is changed to ((s, s;.,), 0), or (s, —,0) is chosen and the path
stops in the state s.

- For every se€ S and j € [K — 1], 8((s, —, j)) = Vo(s, —, j + 1), moreover, §((s, —, K — 1)) = Vg?.

- For every s € S and every subformula ¥ = ¢y op ¥ of I(s) (where op =V, A), 8((s,0, %)) =(s,0,¥1) op (5,0, ¥2).

- For every s € S, every subformula x; op x;y (where op € {=,#} and i <1i’) of I(s), and every j:0<j <1,
8((s, j,xi op X)) = Vo(s, j+ 1,%; op xy), 8((s,1,X; op Xir)) = store((s, i, (Xi')op))-

- ForeveryseS,i:0<i<K-1,j:0<j<i, and op € {=, #}, §((S, j, Xi)op)) = Vo(s, j+ 1, (Xi)op), 8((s, i, (xi)=)) =eq,
8((s, 1, (xi)£)) = €q.

— For every s € S and every subformula ¢ = 1 A ¥ of @), §((5,0,¥)) = (5,0, Y1) A (S, 0, ¥2),
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- ForeveryseS,i:1<i<l §(s,0,p;i)=Dpi, 6((s,0,—p;)) =—p;.

- For every seS,i:1<i<m, j:0<j<K-1and j:0<j <j 8(G,J, 1)) = Vo, j + 1, 7xj)),
8((s, j', —Ti(xj))) = Vao(s, j + 1, ~Ti(x;)), moreover, 8((s, j, Ti(x;))) = 7;, and 8((s, j, —Ti(xj))) = —T;.

- For every (s,s') € R, let Y = {x; | (reset, x;) ¢ L'(s, s)}, then 8(((s, "), 0)) = Vo((s,5), D) A A ((s,5),0, x;). Intuitively,

xieY
((s,s"), 0, x;) is used to verify that the value of x; in the state s’ is the same as that of s.

- For every s € S, let R(s) ={sg..... s}, then for every i:0<i' <iand j:0<j<K—1, 8(((s,s}). j)) = Vo((s,s}). j +
1), 6(((s, sl’.,), K—1))= Vo(sg,, 0).

- For every (s,s) €eR, i:0<i<K-—-1and j:0<j<i 8((s,5),j,%)) = Vo((s,s),j+1,x), 8§(((s,s),i,x)) =
store(((s, s'), i, (x;)=)). Intuitively, ((s,s’),i, (xj)=) means that the data value assigned to x; on s has been stored
in the register, and this value should be equal to that of s'.

- Forevery (s,s) €eR,i:0<i<K-—1land j:i<j<K—1,8((s,5s),j, (x)=)) =Vo((s,5), j+1,x)=).

- For every s €S, let R(s) = {sy, ..., s}, then for every i':0<i’<iand j:0<j<K—1,8(((s,s;),K—1,(x)=)) =
vo(s;.,,o, (xj)=). Intuitively, by going to the state (sl(,,O, (xj)=), the fact that the data value stored in the register,
which is the data value of x; in the state s, should be equal to the value of x; in the state s}, will be checked. O

Corollary 4.19. The model checking problem of NN-V*-VLIL is decidable and non-primitive recursive.

Proof. For every VKS = (APUT, X, S, R, So,I,L,L) and every NN-V*-VLTL sentence ¢ over X-attributed data words, we
have K & ¢ iff LK) N L(@) # @ iff enc(L(K)) Nenc(L(@)) # P iff enc(L(K)) N L(enc(@)) # V.

From the proof of Theorem 4.10, we know that an AWRA Ag;cg) can be constructed from enc(@) s.t. L(Aenc) =
L(enc(p)).

From Proposition 4.18, we know that an AWRA Ay can be constructed from K s.t. L(Ax) = enc(L(K)).

Because the language defined by AWRAs are closed under intersection, it follows that an AWRA can be constructed to
define L£(Ax) N L(Aenc(g))- The decidability of the model checking problem then follows from Theorem 2.8.

For the lower bound, it follows from Theorem 4.10 and the following argument: Since a VKS /C can be constructed to
define the set of all A-attributed data words where A is a singleton, we have that for every NN-3*-VLTL formula ¢, ¢ is
satisfiable over A-attributed data words iff L f=@. O

Then we deduce from the satisfiability and w-satisfiability problems of V-VLTLiz‘}p

and w-model checking problems of the dual fragment.

the decidability of the model checking

gdap

onf @re decidable.

Corollary 4.20. The model checking and w-model checking problems of 3-VLTL

Proof. We first consider model checking problem.

Let C=(APUT,X,S,R,So,I,L, L") be a VKS and ¢ be an EI-VLTLii;p sentence over X-attributed data words. From
Proposition 4.9, K = ¢ iff LK) N L(p) =@ iff enc(L(K)) N L(enc(p)) = 0.

On the other hand, it is not hard to observe that enc(L(K)) N L(enc(p)) # @ iff prjsprur(enc(L(K))) N
priapur (L(enc(@))) # @. The “only if* direction is trivial. For the “if” direction, suppose prjapur(enc(L(K))) N
priapur (L(enc(®))) # . Then there are w’ € enc(L(K)) and w” € L(enc(®)) s.t. prjsprur (W) = prjaprur(W”). Since in
w’ and w”, p’ occurs in the same positions, it follows that w’ = w”. Therefore, w’ € enc(L(K)) N L(enc(p)).

From the proof of Theorem 4.11, we know that from prj,p.r(enc(®)), an equivalent EDA can be constructed. From
Theorem 2.10, it is sufficient to construct an EDA defining prj4p. 1 (enc(L(K))).

It is not hard to observe that prjap/ur(enc(£L(K))) can be defined by a nondeterministic register automaton (NRA) (cf.
[38]). On the other hand, it is known that from a NRA, an equivalent DA can be constructed (cf. [56]). Since a DA is a special
EDA, it follows that an EDA can be constructed to define prjapur(enc(L(K))).

The argument for the w-model checking problem is similar, with NRAs and EDAs replaced by w-NRAs and w-EDAs. O

5. Decision problems of VCTL
5.1. Undecidability

By adding a universal path quantifier A before every temporal operator of ¢ in the proof of Theorem 4.1, we get a
reduction to the satisfiability problem of 3*-AVCTL.

Corollary 5.1. The satisfiability and w-satisfiability problems of 3*-AVCTL formulae are undecidable.
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Proof. The reduction in Theorem 4.1 can be adapted into a reduction to 3*-AVCTL as follows: We first normalize the formula
@ in Theorem 4.1 by replacing every subformula y; — v, with ¥ V v/,. Then we add the universal path quantifier A before
every occurrence of temporal operators. Let ¢’ be the resulting 3*-AVCTL formula.’

In the following, we will show that ¢ is satisfiable over data words iff ¢’ is satisfiable over data trees.

Suppose ¢ is satisfiable, then there is a data word w s.t. w = ¢. Let t,, be a k-ary data tree where the data word on
every path of t,, is w, then it is not hard to see that t,, = ¢'.

On the other hand, suppose that ¢’ is satisfiable. Then there are k > 1 and a k-ary data tree t s.t. t = ¢’. Let ¢; for
i=1,...,10 be the subformulae defined as in the proof of Theorem 4.1. Take an arbitrary path 7 in t, we want to show
that for every formula ¢; (where i =1,...,10), we have w; = ¢;.

We use @1 to exemplify the proof.

Let ¢}, be the 3*-AVCTL formula by adding A before every occurrence of temporal operators in ¢1o.

Then t = ¢{,. This implies that for every 01,02 € ¥ and every node m; on 7, t|y, =¥ — Ix3y (¥ A AXY, A AF (Y5 A
AXyry)), where /] is the formula obtained from v by adding the existential path quantifier E before every occurrence of
temporal operators, ¥1, ¥, ¥4 are the formulae obtained from respectively V1, ¥, ¥3 by adding A before every occurrence
of temporal operators.

To show wy = @10, that is for all 01,02 € £, wy = ¥o,,0,, it is sufficient to show that for every 01,02 € ¥ and
i:0<i<|m|, if (Wr)' k= o, then (Wx)' k= 3x3y (Y1 A X2 A F(Y3 A Xa)).

Suppose (Wx)' k= o, then |, = Y. From the fact that t|; =y — 3x3y (W] A AXy) A AF (Y5 A AXYry)), we know that
tlr, = I3y (Y1 AAXYY AAF (W5 AAXYy)). Therefore, there is an assignment A : {x, y} — D s.t. t|y; =x ¥y AAXY, AAF (YA
AXyry). Since (wx)! is a data word corresponding to a path in t|;, it follows that (W)l En 1 A Xy A F(W3 A X4). From
this, we conclude that (wx)' =33y (Y1 A X¥2 A F(Y3 A X¥g)). O

The argument in the proof of Corollary 5.1 relies essentially on the universal path quantifiers A. Later on, we show that
the satisfiability is decidable if only existential path quantifiers E are allowed, no matter whatever variable quantifications
are used. In addition, unlike VLTL, from the undecidability of the satisfiability problem of a fragment of VCTL, the unde-
cidability of the model checking problem of the dual fragment does not follow directly. The reason is that there does not
exist a variable Kripke structure which defines the set of all A-attributed data trees or even the set of all k-ary A-attributed
data trees for a fixed k. For instance, later on, we will show that the satisfiability problem of 3*-EVCTL (in fact EVCTL) is
decidable, while the model checking problem for V*-AVCTL is undecidable.

Similarly, from Theorem 4.2 and Theorem 4.7, we deduce the following result.

Corollary 5.2. The satisfiability and w-satisfiability problems of Y-AVCTLy,s are undecidable.

Corollary 5.3. The satisfiability and w-satisfiability problems of 3V-VCT L';?f}p , V3-VCT! L';?f}p and VV—VCTLZZ‘}" are undecidable.

Moreover, from Theorem 4.8, we deduce the following result.
Corollary 5.4. The w-satisfiability problem of NN-3*-VCTL is undecidable.
Next we consider the model checking and w-model checking problems.

Theorem 5.5. The model checking and w-model checking problems are undecidable for the following fragments: V*-AVCTL, V*-EVCTL,

EIEI—VCTL';Z‘}’J , VEI—VCTL';Z’}’J , EIV—VCTL';Z‘}p , NN-3*-VCTL. Moreover, the w-model checking problem of NN-V*-VCTL is undecidable.

Proof. We present the arguments for the model checking problem. The arguments can be easily extended to the w-model
checking problem.

We prove the theorem by reductions from the satisfiability problems of 3*-VLTL and V-VLTL over A-attributed data words
where A is a singleton.

We first show the argument for the model checking problem of V*-AVCTL.

Let ¢ be an 3*-VLTL sentence over AP U T. We will construct a VKS K and an 3*-EVCTL sentence ¢’ s.t. ¢ is satisfiable
iff /C b~ ¢’. Note that ¢’ is a V*-AVCTL sentence.

The idea of the reduction is as follows: We construct a VKS X which is a single loop (without branchings). Thus each
computation tree of K is in fact a data word. Then we obtain from ¢ by adding existential path quantifiers E before every
temporal operator occurring in ¢ (plus some other modifications) to obtain ¢’. Since K is a linear structure, the satisfaction
of ¢’ over the computation trees of K mimics the satisfaction of ¢ over data words.

5 If ¢ is not normalized, then for every subformula y; — v, E should be added before each occurrence of temporal operators in yr, so that we still get
an 3F*-AVCTL formula.
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{(reset,x)}

.{ reset, x) @{ reset, T) {(reset, 33; @{(T&S@t z)}
0

{ro(a {ri(z {ri(= {r1(z)}

Fig. 2. The Kripke structure.

Suppose AP = {p1,...,pm}, T ={71,..., Tu_m} (where m <n), and 7),7] ¢ AP UT. Define the VKS K = (AP’ U
T',{x},S,R,So0,I,L, L") as follows: AP' =@, T' ={z},7{}, S ={S0,51, ..., 52041}, R ={(5i,Sit1 mod 2n42) | 0 <i <2n+1},
So = {so}, for every s; € S, I(s;) = true, L(sg) = {(74, X)}, L(s;) = {(7{, %)} for every i: 1 <i <2n+1, and L'(s;, Si+1 mod 2n42) =
{(reset, x)} for every i: 0 <i <2n+1 (see Fig. 2).

Notice that in C, T’ only contains two parameterized atomic propositions. The set of atomic propositions AP will be
encoded by equalities and inequalities between the data values of two adjacent ;-labeled positions in /. Thus each position
(A, B,d) in an A-attributed data word over AP U T will be encoded by a segment of computation traces in K of length
2n + 2 s.t. the position 0 is labeled by 7, the position 2i — 1 and 2i encode the satisfaction on A U B of the i-th atomic
proposition from AP U T, and the last position in the segment holds the data value d. In addition, x is reset on each edge
(Sis Si+1 mod 2n+2) (0 <i<2n+ 1) so that an arbitrary data value can be assigned to x on each position sg, S1, ..., S2n+1-

Construct the 3*-EVCTL sentence ¢’ ::=3y. (t{(y) A ¢ A ¢}) as follows.

e (¢ restricts the format of the computation traces of /C,

@6 = EGITy(y) — (EX)*" 21, (y) A M<i<a(EX)E T2 (0))].

Intuitively, ¢; states that if (},do) (assume that the data value dp is assigned to y) occurs in some position, then
(t4,do) will occur in the (2n + 2)-th position after it if there is such a position, and (t{,do) will occur in all the
(2i — 1)-th positions for 1 <i <n after it (But not necessarily occur in the 2i-th position).

e ¢ is constructed from ¢ by the following procedure.

<2n+2

1. For every eventual occurrence of X¢ (resp. X¢), replace X¢ (resp. X¢) by () A X21+2¢ (resp. LM AX ),

2. for every persistent occurrence of X¢ (resp. X¢), replace X¢ (resp. X¢) by 75(y) = X224 (resp. 75(y) = X2n+2¢>)

3. for every proposition p; € AP, replace every eventual occurrence of p; (resp. —p;) by 74(y) A X2i= 1(r1 ) A XT{(¥))
(resp. T{(y) A X2i*1(r{(y) A X=7{(¥))), and replace every persistent occurrence of p; (resp. —p;) by 7}(y) —
XN T (n) A X7 () (tesp. To(y) — X* 7 (T (1) A X=T{(1)),

4. for every proposition 7; € T and x € Var, replace every eventual occurrence of 7;(x) (resp. —7;(x)) by T{(y) A
XA (T (y) A XT{(D)) A XM T (0) (resp. T9(y) A [XPMHTN (T () A X=T{(9) v X =7{(0)]), and replace
every persistent occurrence of 7;(x) (resp. —7i(x)) by 75(y) — [X2™D=1(z{(y) A XT{(¥)) A X" TT1{(x)] (resp.
To(y) = [XXMD (T () A X=T () v XIS ()],

5. add E before every occurrence of temporal operators.

For instance, suppose AP = ¢ and T = {11, 12}, then the 3I*-EVCTL formula corresponding to 3I*-VLTL formula
Ix. G-T(x) vV FXTa(x)) is 3y.[t5(¥) A @y A IXEG(Yq Vv EF(T5(y) A (EX)%y2))], where vy = 75(y) = [EX(z{(y) A
EX=1{(y) V (EX)*=7{(x)] and 2 = 75 (y) A (EX)*(](¥) A EXT{(¥)) A (EX)°T{ (X).

Then from the construction, we know that ¢ is satisfiable iff there is a computation tree t of K s.t. t = ¢’, that is, iff
KEe.

Because all the computation trees of X are just computation traces, the same reduction works for V*-EVCTL, by replacing
A with E.

Next we consider the model checking problem of 33- VCTL""“”

We reduce from the satisfiability problem of V-VLTLp,s over A-attributed data words where A is a singleton.

Let ¢ =Vx. ¥ be a normalized V-VLTL,,s sentence.

We construct a VKS K and a Wv- VCTL"O‘}p formula ¢’ st. ¢ is satisfiable iff K = ¢’. Note that ¢’ is an 33- VCTL';%‘}"
sentence.

The construction of the VKS K is the same as above. The formula ¢’ is constructed as VxVy.[(¢; A T5(¥)) = ¢]]1, where
@ is the same as above and ¢ is obtained from v by doing the same replacements as in the construction of ¢] from ¢
above.

The argument for the construction is as follows: Vx.ir is satisfiable iff there is a computation tree t of K s.t. t &=

Vy.((ph ATY(Y) = VX.0)), ie. t = VxVy.((9y A Ti(¥)) = @7). This is equivalent to /C b= 3xTy. (@ A TH(Y) A (74).
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‘ _ B enc(t)
AP={p) T={r} A={aw.a)
0 '} ({r} dv))
ao | ({7}, dr)
a1 \ (0, ds) \ (0, (0,d2))
{p} {n} ({p,p'}, (0,ds)) ({p.p'}, ({7}, ds))
(0,ds) ({7}, ds)
({T}7d4) ({T}vdﬁ)
(p}, ({7}, ds)) ({p}, ({7}, de))

Fig. 3. A’-attributed encoding of A-attributed data trees.

noap noap

For the model checking problem of EIV—VCTLpnf (resp. VEI—VCTLpnf ), the reduction is the same as 33-VCTL
formula ¢’ replaced by Vx3y.(¢y A Ty (¥) A @7) (resp. 3yVx.(py A TH(Y) A @)

Then, we consider the model checking problem of NN-3*-VCTL. We still reduce from the satisfiability of V-VLTL,,s over
A-attributed data words where A is a singleton.

Let Vx. ¥ be a V-VLTLp,s sentence.

To avoid nesting quantifiers, we add one atomic proposition {pg} to the VKS K. More specifically, K is obtained by
adapting the construction above as follows: AP’ = {pg}, T = {t'}, L(S0) = {py. (t’, %)}, and L(s;) = {(z’, x)} for every i: 1 <
i<2n+1.

Construct the NN-V*-VCTL formula ¢’ as Vx. ¢}, where ¢} is constructed from v by the following procedure.

noap

onf with the

—2n+2¢)'

<2n+2

1. For every eventual occurrence of X¢ (resp. X¢), replace X¢ (resp. X¢) by pj A X?"2¢ (resp. py A

2. For every persistent occurrence of X¢ (resp. X¢), replace X¢ (resp. X¢) by py — X>"*2¢ (resp. py — ®).

3. For every proposition p; € AP, replace every eventual occurrence of p; (resp. —p;) by py A X2=-1lyy (1/(y) —>
Xt'(y)) (resp. py A X2-1vy (1/(y) — X—7'(y))), and replace every persistent occurrence of p; (resp. —p;) by Py —
XH7IVy (' (y) = XT'(y)) (resp. py — X2y (7/(y) = X=T'(1))).

4. For every proposition 7; € T and x € Var, replace every eventual occurrence of T7j(x) (resp. —Ti(x)) by py A
X2mH=lyy (t/(y) — XT'(y)) A X217/ (x) (resp. Py A [(Xz(m“)*lvlﬁ(f'/(w — X=T'(y) vV X*" =1/ (x)]), and re-
place every persistent occurrence of 7;(x) (resp. —7;(x)) by py — [X2MFD=1vy (¢/(y) — Xt/(y)) A X211/ (x)] (resp.
Py — [(X2MED=1vy (2/(y) — X=T'(y)) v X2 1=/ (0)]).

5. Add E before every occurrence of temporal operators.

From the construction, we know that Vx.y is satisfiable iff there is a computation tree t of /C s.t. t = ¢’ iff K & ¢'.

Finally, let us consider the w-model checking problem of NN-V*-VCTL. Let KU be the VKS constructed as in the model
checking problem of NN-3*-VCTL above. Let ¢’ be the NN-3*-VLTL formula constructed in the proof of Theorem 4.8. From ¢/,
we construct a formula ¢” just as the construction of ¢} from ¢ above, with the adaption that the formulae Vy.(z'(y) —
Xt'(y)) are replaced by 3y.t/(y) A XT'(y).

It is easy to see that ¢” is still an NN-3*-VCTL formula and ¢” is an NN-V*-VCTL formula.

Then K b, @” iff there is t € T, (K) s.t. t = ¢” iff ¢’ is w-satisfiable. From Theorem 4.8, we conclude that the w-model
checking problem of NN-V*-VCTL is undecidable. O

5.2. Decidability
This section is devoted to the decidability results of the decision problems of VCTL formulae.

5.2.1. Non-nested existential data variable quantifiers
Theorem 5.6. The satisfiability problem of NN-3*-VCTL is decidable and non-primitive recursive.

Before we give the proof of Theorem 5.6, similar to the proof for NN-3*-VLTL, we first define A’-attributed encodings of
A-attributed data trees and enc(¢) for NN-3*-VCTL formulae ¢.

Similar to the A’-encodings of A-attributed data words, we define A’-attributed encodings of A-attributed data trees as
follows (cf. Fig. 3 for an example). Let A = {ag,...,ax—1} and A’ = {a’}. Suppose that t = (Z, L) is a k-ary A-attributed data
tree over AP UT s.t. for every z € Z, L(z) = (Az, ((Bz.0,dz0), ..., (Bzk—1,dzk-1))). Let p’ ¢ APUT and AP’ = AP U{p'}.
An A’-attributed encoding of t, denoted by enc(t), is a data tree t' = (Z’, L") over AP’UT s.t. Z' is a k-ary tree satisfying the
following conditions,
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o for every z=/ij...i, € [k]*, we have iy ...i, € Z iff 0K—1i;...0K1j,0k-1 ¢ 7,
o for every z=1iy...ip € Z, I'(0¥ iy ...0%"1iy) = (A, U {p'}. (B2,0.d2,0)), and for every j:1<j<K—1, L'(0¢ ;...
0~ 1in07) = (Az, (Bzj, dz,)))-

Proposition 5.7. Let KC be a VKS. Then enc(7 (K)) can be defined by an ATRA.

Proof. Let K= (APUT, X, S,R, So,I,L, L") be a VKS and K = |X|.

Suppose AP ={p1,....,p1}, T ={t1,..., T}, X ={x0,...,Xk—1}, and S = {s1,..., sp}. Without loss of generality, we
assume that So = {s1,...,s;} for some r:1 <r <n. In addition, we assume for every s € S, a linear order is fixed for R(s),
that is, the set of successors of s. Let k be the maximum number of successors of states in K.

Let p’ ¢ APUT and AP’ =APU{p'}.

Construct an ATRA A= (AP'UT, Q,qo,8) over k-ary A’-attributed data trees as follows. Intuitively, when reading an
A’-attributed data tree t’, A check that t’ is indeed a data tree obtained by unwinding K as follows,

¢ A nondeterministically chooses to stop in the current state s, or to continue unwinding by creating one thread for each
successor of s,

e in addition, A verifies that t’ conforms to the invariants I(s) for s € S and the constraints induced by the edge-labeling
function L’ (e.g. for an edge (s,s”) € R s.t. (reset, x) ¢ L'(s, ), the value of x in s is the same as that in s’).

Note that during the construction, for the convenience of the presentation, we use the arbitrary positive Boolean com-
binations of states in the definition of 8. Auxiliary states can be introduced to transform & into the standard definition.
Specifically, A is constructed as follows.

e Q includes all the states occurring in the definition of §. The intuitive meaning of the states is the same as that in the

proof of Proposition 4.18.

e (o is the initial state.
e § is defined as follows.

For each state s € S, a formula @) can be defined as in the proof of Proposition 4.18 to describe the satisfaction of

(parameterized) atomic propositions.

- 38(q0) = (51,0) V (s2,0) V- -+ Vv (51, 0).

- For every s € S, let R(s) = {sg, ..., s}, then 8((s,0)) = p’ A (5,0,1()) A (5,0, 915) A ([(5,5],0) A -+ A (5,5}, 0]V
(s, —, 0)). Intuitively, when a thread is in the state (s, 0), either for each successor s;, of s (where 0 <i’ <i), a thread
is created and the state is changed to ((s, s;,), 0), or (s, —, 0) is chosen.

- For every se S and j e [K —1], 8((s, —, j)) = Vo(s, —, j + 1), moreover, §((s,—, K —1)= A V.

0<j' <k

- For every s € S and every subformula v =1 op vy of I(s) (where op =V, A), 8((s,0,v)) =(s,0, v¥1) op (5,0, ¥).

- For every s € S, every subformula x; op xy (where op € {=,#} and i <1i’) of I(s), and every j:0<j <1,
8((s, j. xi op xi)) = Vo(s, j+ 1, op xi) A1 A IV_j/?. 8((s.1,x; op xi)) = store((s, i, (Xi")op))-

<j<k

- ForeveryseS,i:0<i<K-—1,j:0<j<i and op € {=,#}, 8((s, j, ®op)) = Vo(s,j+ 1, xDop) A A V2,

1<j/ <k
3((s, 1, (xi)=)) =eq, 8((s, 1, (x}))) =eq.
- For every s € S and every subformula ¢ = /1 Ay of @), 8((s,0,v%)) =(5,0,1¥1) A (5,0, ¥2),
- ForeveryseSi:1<i<l §((s,0,pi)) = pi, 6((s,0,—-p;i)) =—pj.
- ForeveryseS,i:1<i<m, j:0<j<K-1land j:0=<j <j 8(s,j, ti(x;))=vo(@s, j+1,5(x;)A A Vj?,

1<j"<k
8(Gs, J', =nixp)N =Vols, i + 1, ~tix) A\ V2, moreover, §((s, j, Ti(xj))) = Ti, and 8((s, j, =Ti(x}))) = —~Ti.
1</ <k
- For every (s,s") € R, let Y = {x; | (reset, x;) ¢ L'(s,s")}, then 8(((s,5"),0)) = Vo((5,8), DA A Vj?A A ((5,5),0,x).
1<j<k xieY

Intuitively, ((s, s’), 0, x;) is used to verify that the value of x; in the state s’ is the same as that of s.

- For every s €S, let R(s) = (s, ..., s}, then for every i:0<i <iand j:0<j<K—1,8(((s,s}), ))) = Vo((s,s}), j+
DA A 286,58, K=1) =5, 0 A A T2

1<j'<k i<j'<k
- For every (s,s) eR, i:0<i<K—-1and j:0=<j<i 8((Gs,5),jx)) =Vo(s,s),j+1Lx)A A V2,
1<j'<k

8(((s, s, 1,x;)) = store(((s, s'), i, (x;)=)). Intuitively, ((s,s’),1, (xj)=) means that the data value assigned to x; on s
has been stored in the register, and this value should be equal to that of s'.

- Forevery (s,s)eR,i:0<i<K-—Tland j:i<j<K—1,8(,5),J,(*x)=))=Vo((s,s), j+1,xD)=) A N\ V2.

1<j/<k

- For every s € S, let R(s) ={sg,..., s}, then for every i':0<i’'<iand j:0<j<K—1,38((,5s}),K—-1,(xj)=) =

Vi(s),0,(x))A A Vi2 O

i<j <k
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Suppose that ¢ is a normalized VCTL formula. Then enc(p) = ¢ A ¢} with ¢ and ¢/, defined as follows.

e ¢ puts restrictions on the occurrences of p’ and the atomic propositions from AP,

ALC A AV A A=A

AP 0<i<K-1 0<i<K-1
Q1=p' AG|p — P OEE A (AX)i=p' A (AR P
1<i<K-1

Intuitively, ¢ states that p’ occurs in the first position, for every occurrence of p’ in some position, p’ will occur in
the K-th position after it if there is such a position, but does not occur in between, moreover, for every p € AP, either
p occurs in all the positions between two adjacent occurrences of p’, or occurs in none of them.

e ¢, is obtained from ¢ by the following procedure.

1

2.

3.

Replace every eventual occurrence of AX¢ (resp. AX¢p, EX¢, EX¢) by p’ A (AX)X¢ (resp. p’ A (AX)K¢p, p’ A(EX)K g,
p' A (EX) ). _ _ _
Replace every persistent occurrence of AX¢ (resp. AX¢, EXp, EX¢) by p' — (AX)K¢ (resp. p’ — (AX)Kg, p' —
(EX)g, p'— (EX)X9). .
For every p € AP, replace every eventual occurrence of p (resp. —p) by p’ A \/ (AX)'p (resp. p’ A
0<i<K—1

\/  (AX)i=p), and every persistent occurrence of p (resp. —p) by p - \/ (AX)ip (resp. p’ —
0<i<K-1 ) ) ) 0<i<K-1

\/ (AX)'=p). The formula \/ (AX)'p (resp. \/ (AX)'—p) states that p (resp. —p) occurs in one of
0<i<K-1 0<i<K-1 0<i<K-1
the next K positions. This is sound since for every p € AP, ] requires that either p occurs in all of them or none
of them.

. For every T € T and x € Var, replace every eventual occurrence of t(x) (resp. =t(x)) by p'A '/ (AX)iT(x) (resp.

0<i<K-1
AV (AX)I=1(x)), and replace every persistent occurrence of T(x) (resp. =7 (x)) by p’ — \ (AX)iT(x)
0<i<K-1 0<i<K-1

(resp. p’ = \/ (AX)\=t(x)).
0<i<K-1

. For every i e [K], replace every eventual occurrence of x@a; (resp. —x@a;) with p’ A (AX)x@a' (resp. p’ A

(AX)!=x@a'), every persistent occurrence of x@a; (resp. —x@a;) with p’ — (AX)'x@a’ (resp. p’ — (AX)!—x@a;).

Theorem 5.6 is proved in the same way as Theorem 4.10, by utilizing the following two results.

Proposition 5.8. For each VCTL formula ¢ over k-ary A-attributed data trees, it holds enc(L(¢)) = L(enc(p)).

Proposition 5.9. For every 3*-VCTL sentence ¢, if ¢ is satisfiable over an A-attributed data tree where A is a singleton, then there is a
(2|@|)-ary A-attributed data tree satisfying ¢.

Proof. We first introduce some notations.

Let ¢ be an 3F*-VCTL formula, define the closure of ¢, denoted by cl(¢), as the minimum subset of 3*-VCTL formulae

satisfying the following conditions.

@ ecl(e),

for every p € AP occurring in ¢, it holds p, —p € cl(¢),

for every t(x) € T x var(g) occurring in g, it holds 7 (x), =7 (x) € cl(¢p),

for every ¥ € cl(¢) s.t. ¥ := Y1 Ay or @ := Y V ¥, it holds 1, ¥ € cl(gp),

for every v € cl(@) s.t. ¥ := EXyrq or ¢ := AXyy or ¢ := EXyr or ¢ := AXy, it holds ¥ € cl(p),
e for every ¢ € cl(¢) s.t. ¥ := E(y1Uv2) or ¥ := E(¥1Rvy), it holds 1, ¥2, EXy € cl(p),

e for every ¥ € cl(p) s.t. ¥ := A(Y1Uyr) or ¢ := A(Y1RYp), it holds ¥, v, AXY € cl(p),

e for every ¢ € cl(p) s.t. ¥ :=3x. ¢, it holds 1 € cl(@).

From the above definition, we know that |cl(¢)| < 2|¢]|.
Let ¢ be an 3*-VCTL sentence and t = (Z, L) be a data tree s.t. t = ¢. Without loss of generality, we assume that for

every variable x € var(¢), x is quantified only once.

In the following, we will construct a (2|¢|)-ary data tree t’ from t and ¢ s.t. t' = ¢. Intuitively, t’ is constructed from t

in a top-down manner by

1. labeling each node z of t with the pairs (¥, 1) € cl(¢) x (Var — D) s.t. A : free(yy) — D and t|; =, ¥,
2. for each node t and each ¢ € cl(¢), selecting exactly one assignment function A s.t. (¥, 1) belongs to the label of t (this
is sufficient to make ¢ satisfied, due to the fact that only existential quantifications are used in @),
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3. as a result of this special property, selecting a bounded number of subtrees for each node of t and removing all the else
from t.

In the following, we present a detailed construction of t' from t. Before that, we first introduce some definitions and
notations.

Define a new labeling function L’ for nodes in Z as follows: for every z € Z, L'(z) is the set of pairs (v, 1) € cl(¢) x
(Var — D) s.t. 1 : free(y) — D and t|; =, .

Let ze Z and ® C L'(z). Then @ is said to be functional if the following two conditions hold,

o for every y € cl(p), there is at most one A s.t. (y, 1) € ,
o for every formula (Y1, A1), (¥2, 12) € @, Ailfree(y)nfreews) = A2 |freeyr)Nfree(s)-

Suppose z€ Z and ® C L'(z) s.t. ® is nonempty and functional. Then ®" C L’(z) is said to be a completion of ® with
respect to z, denoted by ® —; comp P’ if ¢’ can be constructed from & by the following procedure.

1. Initially, let ®" = ®.
2. Repeat the following procedure until all the formulae in @’ are one of the following forms: p, —p, t(x), =T (x), EXV,
AXyr, EXyr, AXY.
For every (¥, A) € @, let ® = @'\ {(¥, A)}, and do one of the following.
o Y =11V
- if (W1, Mfreeqyy)) € L'(2), then & = & U {(¥1, Mfree(y,))} (if there is already (y1,1') € ® before adding
{(1, Mfreecyy))} into @', then from the functionality of ® and the construction, it must be the case that
A = Alfree(y), therefore, the functionality of &’ is preserved, the same remark applies below),
- otherwise, ®" = &' U {(¥2, Alfreeyy))}»
o =11 A O =D U{(Y1, Alfreecyr))s (W2, Mfreeyn)) s
o Yy =E(1Uyn):
- if (Y2, Mfree(wz)) € L'(2), then ' = @' U {(y, Mfree(g//z))}-
- otherwise, ® = @' U {(Y1, Alfreey)), (EX¥, 1)},
o Yy =AW1UY2):
- if (¥, Mfree(v;z)) € L'(2), then &' = &' U{(y2, Mfree(x//z))}v
- otherwise, ® = &' U {(Y1, Alfree(y)), (AXV, 1)},
o Y =E(Y1Ry2):
- if (y1, Alfree(yy)) € L'(2), then &' = @' U {(y, Mfreeqyr))> (2, Mfree(y))
- otherwise, ® = " U {(¥2, Alfree(y)), (EX¥, 1)},
e ¥ =A(Y1Ry2):
- if (y1, Alfreeyy)) € L'(2), then &' = @' U {(y, Mfreeqyr))> (2, Mfree(y))
- otherwise, ® = &' U {(¥2, Alfree(y)), (AXV, )},
e Yy =3x.yq: If there does not exist d € D s.t. (Y1, A[d/x]) € @', select a data value d € D s.t. (v, A[d/X]) € L'(2), let
' =" U {(Y1, A[d/xD}.

Since in the above construction, for every 3x.i, only one instantiation of x is allowed, it follows that if ® is functional
and ® —; comp @', then @’ is functional as well.

Now we are ready to construct t' = (Z’,L”) from t. The construction is done in a top-down manner. During the con-
struction, two functions F and F’ are also constructed.

1. Select an assignment function A s.t. (p, 1) € L'(2). Let e € Z/, L (¢) = L(¢), and F(g) = {(p, 1)}
2. Repeat the following procedure.

For every z € Z' s.t. z is currently a leaf in Z/, let F'(z) be a completion of F(z) with respect to z. Do one of the

following.

(a) If F’(z) contains neither elements of the form (AXv, A) nor elements of the form (EXvr, A), then z is a leaf in t'.

(b) If F’(2) contains elements of the form (AXr, A) (this implies that z cannot be a leaf in t’), but neither elements of
the form (EXv1, A) nor elements of the form (EXy1, 1), then add z0 into Z’, and L”(z0) = L(z0).

(c) If F/(2) contains elements of the form (AXr, 1) or (EXvr, A) (this implies that z cannot be a leaf in t’), moreover,
F'(z) contains elements of the form (EXy{,A) or (EXy, A), then for every (EXvq, 1) € F'(z) or (EXyr1,A) € F'(2),
select a child of z in t, say zi, s.t. (¥1,1) € L’(zi). We can assume that all these selected children are distinct
from each other, since otherwise we can just copy the subtrees of z to satisfy this property. Let idxgxy, (resp.
idXEle) denote the natural number s.t. z idxgxy, (resp. z idem”) is the child of z selected for EXvry (resp.

EXvr1) above. Suppose that there are r elements in F’(z) of the form (EXwy1,A) or (EXvq, ). Without loss of
generality, we assume that the set of indices idxgxy, and idey(p] is [r]. Then add z0,...,z(r — 1) into Z’, let

L"(zi) = L(zi) for every i : 0 <i <r—1, and set F(z idxgxy,) (resp. F(z idXEle)) as {(Y, VIU{W, M) | (AXy', ) e
F'(z) or (AXy',)) € F'(2)}. Note that all these sets F(z idxgxy,) and F(z idem/l) are functional, since F'(z) is.
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The above procedure terminates, since t = ¢ and all the leaves z of t satisfy that L’(z) contains neither elements of the
form (AXy1,A) nor elements of the form (EXvrq, A).

From the construction, we know that the arities of nodes in t’ are bounded by 2|¢| and t' =¢. O

Proof of Theorem 5.6. Let ¢ be a NN-3*-VCTL sentence. From the definition of enc(gp), it is not hard to observe that
enc(y) is also a NN-3*-VCTL sentence. In addition, from Proposition 5.8, we know that enc(L(¢)) = L(enc(¢)). Therefore,
it is sufficient to consider the satisfiability of enc(¢) over A’-attributed data trees where A’ is a singleton. Moreover, from
Proposition 5.9, it is sufficient to consider the satisfiability of enc(¢p) over (2|p|)-ary A’-attributed data trees.

Similar to the proof of Theorem 4.10, we can prove by an induction on the structure of formulae that from enc(¢), an
equivalent ATRA Aenc(p) over (2|¢|)-ary A’-attributed data trees can be constructed. The decidability then follows from
Theorem 2.8.

The lower bound proof is also similar to that of NN-3*-VLTL. O

Theorem 5.10. The model checking problem of NN-V*-VCTL is decidable and non-primitive recursive.

Proof. Let /C be a VKS and ¢ be a NN-V*-VCTL sentence. Then K [~ ¢ iff there is a computation tree t of K s.t. t =@ iff
TIC) N L(p) # 0 iff enc(T (K)) Nenc(L(@)) # D iff enc(T (K)) N L(enc(p)) # .

From Proposition 5.7, we know that there is an ATRA A s.t. L(A) = enc(T (K)).

Let k be the maximum number of successors of states in . Since enc(gp) is a NN-3*-VCTL formula, we can prove by an
induction on the structure of formulae that from enc(@), an equivalent ATRA Ae;c(g) over k-ary A’-attributed data trees can
be constructed (where A’ is a singleton).

Then K {= @ iff L(A) N L(Aenc) # 9.

Since ATRAs are closed under intersection, the decidability then follows from Theorem 2.8.

The non-primitive lower bound follows from the fact that the satisfiability of NN-3*-VLTL can be reduced in polynomial
time to the model checking problem of NN-V*-VCTL, by using the idea in the proof of Theorem 5.5. O

5.2.2. Existential path quantifiers for VCTL
Theorem 5.11. The satisfiability problem of EVCTL is in NEXPTIME.

For the proof of Theorem 5.11, we first state and prove several facts about EVCTL.
From the fact that EVCTL formulae contain only existential path quantifiers, we have the following observation.

Lemma 5.12. Let t be an A-attributed data tree, ¢ be an EVCTL formula, and X : free(p) — D s.t. t =y . Then the following two facts
hold.

1. Let t’ be an A-attributed data tree s.t. there is a leaf-preserving embedding of t into t’. Then t’ |=;, .
2. Let n be an injective partial function from D to D s.t. the domain of 1) includes all the data values occurring in (t, A), moreover,
for each data value d occurring in A, n(d) = d. Then n(t) =, @, where n(t) is obtained from t by replacing each data value d with

n(d).

Intuitively, the argument for the first fact in Lemma 5.12 is as follows: Since there is a leaf-preserving embedding n of
t into t’, for each path w of t, there is a corresponding path 7(s) in t’. Since ¢ contains only existential path quantifiers,
and t = ¢, we can restrict our attention to the paths n(;r) in t’ (where 7 is a path in t) and ensure t’ |=; ¢.

Then we show that for the satisfaction of EVCTL formulae, a bounded number of data values are sufficient.

Lemma 5.13. Let ¢ be an EVCTL formula, t be an A-attributed data tree, and A : free(p) — D s.t. t =, . Then an A-attributed data
tree t’ can be constructed from (t, 1) s.t. t' =, ¢, the label of the root of t’ is the same as that of t, all the data values in t’ also occur
int, and (t', A) contains at most (|A| + 1)|¢| data values.

Lemma 5.13 cannot be extended to data w-trees. For instance, let ¢ =Vx. EFp(x). Then ¢ is w-satisfiable. Nevertheless,
any data w-tree satisfying ¢ has to contain all the data values from D.

Proof of Lemma 5.13. We construct ¢’ from t by an induction on the syntax of EVCTL formulae. Recall that EVCTL formulae
are defined by the following rules,

@ =pl-plt@®|-TX|9VeleArp|EXp|EXp
| E(pU@) | E(pR@) | Ix.00 | VX.00 '

where pe AP, 7 €T and x € Var.
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The basic idea of the construction is as follows. For each formula ¢, suppose the desired subtrees have been constructed
for the subformulae of ¢, then we glue these subtrees in a proper way to obtain a tree which still satisfies ¢ (attributed to
Lemma 5.12). Moreover, when dealing with the universal quantifications, some data values in these subtrees are renamed
in order to bound the number of data values occurring in t’.

The induction base ¢ := p, —p, T(x), =7 (X), x@a, —x@a: Trivial.

The induction step.

@:=@1 V @ Suppose t =) @1 V @, then t =, @1 or t | ¢p. If t =5 @1, then by the induction hypothesis, an
A-attributed data tree t; can be constructed from (t, Mfree(pr)) S-t. t1 |:,\|free((p1> @1, the root label of t; is the same as that
of t, all the data values of t; also occur in t, and (t1, Alfree(p;)) contains at most (JA|+ 1)|¢1| data values. Let t' =tq. Then
t' =5 @, the root label of t’ is the same as that of t, all the data values in t’ also occur in t, and (t’,A) contains at most
(JA] + D|e1] + Ifree(pz) \ free(p1)] < (JA] + (1] + 1¢2]) < (JA| + 1)|¢| data values. The situation that ¢ =, ¢, can be
discussed similarly.

@:=@1 A @2: Suppose t = @1 A @p. Then t =) @1 and t = ¢;. By the induction hypothesis, t; and t; can be con-
structed from (¢, Afree(py)) and (t, Alfree(p,)) St for each i=1,2, t; ':”freew),-) @i, the root label of t; is the same as that of t,
all the data values in t; also occur in t, and (t;, Alfee(p)) contains at most (JA| + 1)|¢;| data values. Let t’ be the data
tree obtained from t; by adding all the subtrees of the root of t; as the new subtrees of the root of t; (with the original
subtrees of the root of t; untouched). From the fact that t; and t, are substructures of t’ and Lemma 5.12, we deduce that
t’ FAlfeetpy) 1 and t’ Fhleetey) 92- Therefore, t' |=; @1 A @2. In addition, the root label of t’ is the same as that of ¢, all the
data values in t’ also occur in t, and (t’, 1) contains at most (|A| + 1)(|¢1]| + |@2]) < (JA] + 1)|¢]| data values.

@ := EXq@q: Let t =) EX@q. Then there is a child of the root of t, say the node i, s.t. t|; =, ¢1. By the induction
hypothesis, an A-attributed data tree t’ can be constructed from (t|;, 1) s.t. t’ |=; ¢1, the root label of t’ is the same as that
of t|;, all the data values in t’ occur in t|;, and (t’, 1) contains at most (JA| + 1)|¢q| data values. Let t” be the data tree
obtained from t’ by adding the root of t as the parent of the root of t’. Then t’ =, E X1, the root of t’ is the same as that
of t, all the data values in t’ also occur in ¢, and (¢, A) contains at most (|A| 4+ 1)|¢1] + |A| < (JA] + 1)|¢| data values.

@ = EX@q: Let t =, EX@q. Then either t is a just a single node or otherwise t |=; EX¢j. The first case is trivial. The
second case can be discussed similarly to ¢ := EX¢1.

¢ = E(p1Ugy): Suppose t |=; ¢. Then there are a path w =7mp ..., in t and i: 0 <i <n satisfying that t|, =, ¢2 and
for every j:0 < j <, t|x; =5 1. We distinguish between i =0 and i > 0.

e If i =0, then ¢ =, ¢;. By the induction hypothesis, an A-attributed data tree ' can be constructed from (t, Alfree(g,))
St t" Foljey ¥2, the root label of ¢’ is the same as that of ¢, all the data values in t’ also occur in t, and (', Alfree(g,))
contains at most (|A| + 1)|¢,| data values. Then (t’, 1) is the desired pair for ¢.

o If i > 0, then t|z; =5 ¢2 and t|z, . ¢1. By the induction hypothesis, the data trees t; and t; can be constructed from
(tl7g» Mfree(py)) and (Elz;, Mlfree(q,)) TESpectively s.t. ty ':)‘lffee(v’ﬂ o1, b2 }:Mfree(wZ) @2, the root labels of t; and t; are the
same as that of t|;, and t|, respectively, all the data values in t; and t; also occur in t|, and t|;; respectively, in
addition, (t|xg, Mfreepr)) and (tlr;, Mfree(p,)) cONtain respectively at most (JA|+ 1)[@1] and (JA|+ 1)|¢2| data values. Let
t' be the data tree obtained from t, t; and t, as follows: t’ contains a path of length (number of nodes) i + 1, say the
sequence (g,0,02,...,0%), s.t. a copy of t; is attached to 0!, and for every j:0 < j <1, a copy of t; is attached to 0.
Note that the root label of t’ is the same as that of t;, thus the same as that of t|;, =t. From Lemma 5.12 and the fact
that t; is a substructure of t'|; and t; is a substructure of t'|y; for every j:0 < j < i, we know that t'| Flfeetgy) P20
and t'|y; |:,\|ﬁee(wl> ¢1 for every j:0 < j < i. Therefore, t' =) E(@1Ug>), the root label of t’ is the same as that of ¢, all
the data values in t’ also occur in t, and (t’, ) contains at most (JA| + 1)(|¢1] + |¢2]) < (JA| + 1)|¢| data values.

¢ = E(p1R@2): Suppose t =, ¢. Then there is a path 7 =7mg... 7, in t s.t. either |, = ¢ for every i:0<i<n, or
there is i:0 <i <n s.t. t|n; =5 ¢1 and for every j:0 < j <i, tlx; Fa ¢2.

o The case t|y; |=; ¢, foreveryi:0<i<n.If n=0, that is, t is a single node, then the argument is trivial. Otherwise,
by the induction hypothesis, a data tree t; can be constructed from (t, Alfee(y,)) St t] |:,\|ﬁee(w2] @2, the root label of t}
is the same as that of t, all the data values in ¢ also occur in t, and (t], Alfree(q,)) cONtains at most (|A| 4+ 1)|¢,| data
values. Let t’ be the data tree obtained from t and t as follows: t’ contains a path (¢,0) s.t. a copy of t] is attached
to ¢, and the label of 0 is the same label as that of 7, in t (thus O is a leaf in t). Then from t|, =2 @2, we know that
t'|o =5 2. Moreover, from Lemma 5.12 and the fact that t] is a substructure of t', we deduce that t’ |=; ¢;. Therefore,
t' =5 E(p1R¢y), the root label of t’ is the same as that of t, all the data values in t’ also occur in t, and t’' contains at
most (JA| 4+ 1)|2| + |A| < (JA| 4+ 1)|¢| data values.

o The case that there is i : 0 <i <n s.t. t|r, =1 ¢1 and for every j : 0 < j <1, t|z; =) ¢2. We distinguish between the
following two situations.

- If i =0, then t =5 @1 A @2. Then the argument is similar to the case ¢ = ¢ A ¢, above.
- If i > 0, then by the induction hypothesis, a data tree t, can be constructed from (¢, Alfree(p,)) S-t. t5 |=A|ﬁee(w2) @2, the

root label of t}, is the same as that of ¢, all the data values in t/, also occur in t, and t}, contains at most (|A| 4+ 1)|¢3]
data values. Similarly, a data tree t; can be constructed from (t|r;, Mfree(py)) St £ Flee oy P20 the root label of t
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is the same as t|,, all the data values in tj also occur in t|y;, and (t}, Alfreep,)) contain at most (JA| + 1)|¢2| data

values. Moreover, a data tree t; can be constructed from (t|y;, Alfreep;)) St t] ':Mfree(gal) @1, the root label of t] is the

same as t|y;, all the data values in t} also occur in t|y;, and (t], Alfeep;)) contain at most (JA| 4 1)|¢1| data values.

Let D be a set of (JA|+ 1)|g2| + |A| data values that includes all the data values occurring in (t}, Alfee(q,)) and those

occurring in the root of t7. Let n be an injective partial function from ID to I s.t.

* the domain of 7 is D((t5, Alfee(p,))) (i-€., the set of data values occurring in (t5, Alfree(py))):

* 171 is the identity function when restricted to the range of A|free(y,), and the set of data values occurring in the root
of 7,

% the range of 1 is a subset of D.

Such a function exists due to the fact that ((t], Alfree(g,))) contains at most (JA|+1)|¢>| data values. From Lemma 5.12,

we deduce that n(t}) |:,\|free(w2> @2. Let t’ be the data tree obtained from t, n(t), t; as follows: t' contains a path (g, 0)

s.t. a copy of t}, is attached to &, and a copy of t} as well as a copy of n(t}) are attached to O (note that the root

label of n(t}) is the same as that of t}). From Lemma 5.12 again, we know that t'|o =, @1 A @2 and t’ ':Mfree(wl) 1.

Therefore, we conclude that t’' =, E(p1R¢y), the root label of t’ is the same as that of ¢, all the data values in t’ also

occur in t, and (t/, A) contains at most |D| + (|A| + D]@1] = (JA] + D]@a| + |A] + (A + D]e1] < (JA]| + 1)|¢| data

values.

@ :=3X. ¢1: Suppose t |=; 3x. ¢1. Then there is d € D s.t. t |=,[a/x @1. By the induction hypothesis, a data tree t; can be
constructed from (t, A[d/X]) s.t. t1 =5 [a/x @1, the root label of t1 is the same as that of ¢, all the data values in t1 also occur
in t, and (t1, A[d/x]) contains at most (JA|+ 1)|¢1| data values. Then (t1, 1) is the desired pair for ¢.

@ :=Vx. @1: Suppose t |=; Vx. ¢1. Then for every d € D, t [=j1q/x @1. If (¢, 1) contains less than (JA| + 1)|¢1| data
values, then we are done. Otherwise, let D be a subset of (JA| + 1)|¢1| data values occurring in (t, 1) s.t. D contains all
the data values occurring in the root of t and in A. Suppose D = {d1,...,d(a|+1)j¢;(}- In addition, let dp € D s.t. do ¢ D
and do does not occur in (t, A). Then for each i:0 <i < (JA| + 1)|@1], t Fxg;/x ®1. From the induction hypothesis, for
each i:0 <i < (JA| 4 1)|¢1], a data tree t; can be constructed from (t, A[d;/x]) s.t. t] =xa;/x @1, the Toot label of t] is the
same as that of ¢, all the data values in t; also occur in t, and (t], A[d;/x]) contains at most (JA|+ 1)|¢1] data values. Since
ID| = (JA] + 1)|g1], for each i:0 <i < (JA| + 1)|g1], there is an injective partial function 7; s.t.

1. the domain of »; includes all the data values occurring in (t], A[d;/x]),

2. n; is the identity function when restricted to the set of data values occurring in A[d;/x] as well as in the root of tlf (note
that the root label of t] is the same as that of t),

3. the range of n; is a subset of D U {dp},

4. the set of data values occurring in ni(tlf) is a subset of D (thus do does not occur in 7; (tlf)).

The function »;’s exist. For instance, since (t;, A[do/x]) contains at most (|A| + 1)|¢1| data values, it follows that except dg
and the data values occurring in the root of t;,, there are at most (JA|+1)(|¢1| —1) additional data values from (t{, A[do/x]);
therefore, it is possible to define an injective partial function 79 to map those data values into D.

Then from Lemma 5.12, 0;(t]) E=aq;/x @1- Let t” be the data tree obtained from n;(ty), ""m(tE\AIH)Iw]I) by merging
their roots (recall that their root labels are the same), that is, all the subtrees of the roots of ’li(té)’~--’”i(t£|A\+1)\<p1\)
are the subtrees of the root in t”. We claim that t” =, Vx. ¢1. At first, for every d; with i:0 <i < (JA| + 1)|¢], from
i (t}) E=sdi/x) 1 and Lemma 5.12, we deduce that t” =g, /x @1. Let d ¢ {do, ..., d(A|+1)jp|}- Since t§ E=ndg/x 1 and neither
d nor dg occurs in no(ty), assigning d to x has the same impact as assigning do to x for the satisfaction of ¢1 on no(tp).
Therefore, 1o(t) E=aa/x 1. From Lemma 5.12 again, we deduce that t” |=;q/x ¢1. From the fact that d is an arbitrary data
value not in {do, ..., d(a|+1)¢;}, We conclude that t” |=; Vx. @1, the root label of t” is the same as that of ¢, all the data
values in t” also occur in t (recall that the set of data values occurring in #;(t]) is a subset of D and D is a subset of data
values occurring in t), and (t”, A) contains at most (|A| + 1)|¢1]| +1 < (JA| + 1)|¢| data values. O

Proof of Theorem 5.11. Suppose ¢ is an EVCTL sentence. Without loss of generality, we assume that each variable occurring
in ¢ is only quantified once. From Lemma 5.13, we know that if ¢ is satisfiable, then it is satisfiable over a data tree
containing at most (JA|+ 1)|¢| data values. Let V ={d1, ..., dqa+1)p|}-

Construct ECTL formula ¢’ over AP U (T x V) from ¢ as follows: Let {x1,..., %} be the set of variables occurring in ¢.
Then ¢’ is obtained from ¢ by replacing each 3x; (resp. Vx;) with \/ (resp. A ), and every occurrence of 7(x;) with
dieV dieV

(t,d;). The size of ¢’ is exponential over the size of ¢.
Since the satisfiability problem of ECTL over labeled trees is decidable in NP [57], it follows that the satisfiability problem
of EVCTL is in NEXPTIME. O

Remark 5.14. It is open whether the w-satisfiability problem of EVCTL is decidable.
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5.2.3. Data variable quantifiers in the beginning
Theorem 5.15. The satisfiability and w-satisfiability problems of 3*-VCTLy,s are EXPTIME complete.

Proof. The upper bound. For every sentence of the form 3x;...3x,.1 s.t. ¥ is a quantifier free VCTL formula, we only need to
consider at most n+ 1 values. It is sufficient to show that there is a data tree (resp. w-tree) t = (Z, L) satisfying 3x1...3x,.%
iff there is a data tree t' = (Z,L’) using only n + 1 different data values s.t. t’ = 3x;...3x,.1. Suppose the data tree (resp.
w-tree) t satisfies 3x7...3x,.¢ and uses values more than n + 1. W.Lo.g.,, suppose X1, ..., x, take the values from the set
D ={dy,...,dy} in t, then each d e D\ D used in t can be replaced by the same data value d’ € D\ D without affecting the
satisfiability of the formula 3x;...3x,. ¥. Thus to decide the satisfiability (resp. w-satisfiability) of 3x;...3x,.v, it is sufficient
to do as follows: For each function f:X — DU {d’} (there are exponentially many of them), decide the satisfiability (resp.
w-satisfiability) of the CTL formula " over AP U (T x (D U {d’})), obtained by replacing each variable x; by f(x;).

Since it is known that the satisfiability (resp. w-satisfiability) of CTL formulae can be decided in exponential time, it
follows that the satisfiability (resp. w-satisfiability) problem of 3*-VCTL, is in EXPTIME.

The lower bound follows from the satisfiability problem of CTL. O

Theorem 5.16. The model checking and w-model checking problems of V*-VCTLp,s are decidable in EXPTIME.
Theorem 5.16 can be easily deduced from the following lemma.

Lemma 5.17. Let K = (AP, X, S, R, So, 1, L, L") be a VKS and Vx;...Vx,.{y be a V* -VCTL ;s sentence. Then there is a computation tree

(resp. w-tree) t = (Z, L) of K s.t. t |=3x1...3x,.7 iff there is a computation tree (resp. w-tree)t' = (Z, L") of K s.t. t' = 3xy...3xn. Y
and t’ contains at most | X| + n different values.

Proof. (=) Suppose there is a computation tree (resp. w-tree) t = (Z,L) of K s.t. t = 3x;...3x,.1/. W.Lo.g., we assume
that the number of different values used in t is greater than |X| + n (otherwise we are done). Then there is an assignment
Ai{xt, ..., xn) > Dstt=, . let D={A(x;)|1<i<n}and D' ={d’, .. "dixx} be a set of |X| data values that are different
from all the data values occurring in t and the data values from .

Let t' = (Z,L’) be the computation tree (resp. w-tree) obtained from t by replacing all the data values in D\ D with
the data values in D’, while respecting the invariants of the states in X as well as the reset constraints on the edges of K.
It is not hard to see that it is possible to do these replacements and these replacements do not affect the satisfaction of
3x1 ...3x,.4. Therefore, we obtain a computation tree (resp. w-tree) t' of K that contains at most |X| + n data values and
satisfies Ix;...3x,. .

(<) trivial. O

Proof of Theorem 5.16. Let X = (APUT, X, S, R, So,I,L,L) be a VKS, and ¢ = Vx;...Vx ¢ be a V*—VCTLpnf sentence. By
Lemma 5.17, we only need to consider the computation trees of X that contains at most |X|+n data values. Let D be a set of
data values of size |X|+n. Given a function A : X — D and a state s € S, let ©(s, A) denote the set (AP NL(s)) U{(t, L(x)) |
(t,x) € L(s)}.

Let k be the maximum number of successors of the states in K. We construct a NTA (resp. NBTA) Ax = (APUT x
D, Q,$,Qo, Q) over k-ary labeled trees s.t. Ay defines the set of computation trees of K containing only data values
from V.

e Q=Q;={(s,P)eSx2/PVDD | : X — D:AEI$)AP=0(s,1)},

° QO — Q a SO X 2APUT><D'

o § C Q x 24PUTXD =k is computed as follows: For every state (s, P) € Q s.t. R(s) = {51, ..., 5/}, 8 contains all the
transition rules ((s, P), P, ((s1, P1), ..., (S, Pr))) s.t. there are functions A, A1, ...A; : X —> D satisfying that
- P=0(,A),
- foreveryi:1<i<r, Pj=0(s,A;), and for every (reset,x) ¢ L'(s, s;): A(X) = Ai(X).

Note that the size of Ay is exponential over the size of K and ¢.
On the other hand, construct a CTL formula ¢’ over APUT x D from ¢ as the formula \/ ¥, where i, is ob-
AX1,....Xn}—>D
tained from 1 by replacing every occurrence of 7(x;) (resp. =t (x;)) s.t. T € T and 1 <i <n by (7, A(x;)) (resp. —~(T, A(x;))).

To decide whether there is a computation tree (resp. w-tree) of K satisfying @ = 3x;...3x,./, it remains to decide
whether L(Ax) N L(@") # 0 (resp. Lo (Axc) N Ly(@)) # D).

Since it is well known that an equivalent NTA (resp. NBTA) of exponential size can be constructed from a CTL formula (cf.
[58]), it follows that from each formula v, a NTA (resp. NBTA) Ay, of exponential size can be constructed, then the union
of these Ay, , denoted by A;,, is equivalent to ¢’ and still of exponential size. So the problem reduces to the nonemptiness
of the intersection of Ax and Ay.

From Proposition 2.6, we conclude that the model checking problem (resp. w-model checking problem) of V*-VCTLp,y is
in EXPTIME. O
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6. Conclusion and future work

In this paper, we systematically investigated the theoretical aspects of VLTL and VCTL, the variable extensions of LTL and
CTL respectively. At first, we compared the expressiveness of VLTL with the other logical formalisms over data words. Then
we considered the decidability and complexity of the satisfiability and model checking problem of VLTL and VCTL, over both
finite and infinite words (trees). We identified the decidability frontier of these decision problems of fragments of VLTL and
VCTL and got a relatively complete picture (see Table 1).

For the future work, one obvious direction is to solve the questions left open in this paper. For instance, the questions
whether the w-satisfiability problems of 3*V*-RVLIL,,s and EVCTL are decidable. It is also interesting to consider the model
checking problem of VLTL and VCTL over counter machines or some proper extensions of pushdown systems that contain
data values, e.g. pushdown register automata introduced in [59].
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