Information and Computation 259 (2018) 328-347

Information and Computation

Contents lists available at ScienceDirect L]

Information

Computation

www.elsevier.com/locate/yinco

First-order p-calculus over generic transition systems and @ CrostMak
applications to the situation calculus

Diego Calvanese *-*, Giuseppe De Giacomo ”, Marco Montali?, Fabio Patrizi "

a Free University of Bozen-Bolzano, Italy

b Sapienza Universita di Roma, Italy

ARTICLE INFO

ABSTRACT

Article history:
Received 16 March 2016

Keywords:

Reasoning about actions
Verification

Situation calculus

First-order p-calculus

Infinite transition systems
State-bounded transition systems

We consider uLl, wlq, and Ly, three variants of the first-order p-calculus studied in
verification of data-aware processes, that differ in the form of quantification on objects
across states. Each of these three logics has a distinct notion of bisimulation. We show
that the three notions collapse for generic dynamic systems, which include all state-based
systems specified using a logical formalism, e.g., the situation calculus. Hence, for such
systems, wL, wLlq, and L, have the same expressive power. We also show that, when
the dynamic system stores only a bounded number of objects in each state (e.g., for bounded
situation calculus action theories), a finite abstraction can be constructed that is faithful for
L (the most general variant), yielding decidability of verification. This contrasts with

the undecidability for first-order LTL, and notably implies that first-order LTL cannot be
captured by u..
© 2017 Elsevier Inc. All rights reserved.

1. Introduction

In this paper, we study first-order p-calculus as a verification language for transition systems whose states are first-
order (relational) models over a fixed infinite object domain. In particular, we consider generic transition systems, i.e., roughly
speaking, transition systems whose successor states depend only on the logical properties of the current one [1,28]. Es-
sentially, all dynamic systems in literature specified through some sort of logical formalism give rise to generic transition
systems, including data-aware processes studied in Databases [10,26,3], and action theories studied in Artificial Intelligence,
e.g., expressed in the situation calculus [31,36].

Recently, many important results have been devised regarding sound, complete, and terminating verification for dynamic
systems with a first-order relational state description [17,8,20,3,4,40,9,21,22]. These results are concerned with verification
logics that are variants of those studied in the area of model checking of finite-state transition systems, like LTL, CTL, or
modal p-calculus, which subsumes the previous one in the propositional setting [16,6]. Obviously, to be used in the context
of formalisms with a first-order state description, such logics need to be extended with the ability of querying the state in
first-order logic. However, in most proposals, e.g., [20,23], such ability is limited to the use of first-order sentences (closed
formulas), without the possibility of quantifying over object across different states. Quantification across (states) refers to
the possibility of using variables quantified in the current state also in future states. Without quantification across, these
first-order temporal logics remain quite similar to their propositional counterpart (though with infinitely many propositions

* Corresponding author.
E-mail addresses: calvanese@inf.unibz.it (D. Calvanese), degiacomo@dis.uniromal.it (G. De Giacomo), montali@inf.unibz.it (M. Montali),
patrizi@dis.uniromal.it (F. Patrizi).

http://dx.doi.org/10.1016/j.ic.2017.08.007
0890-5401/© 2017 Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/j.ic.2017.08.007
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/yinco
mailto:calvanese@inf.unibz.it
mailto:degiacomo@dis.uniroma1.it
mailto:montali@inf.unibz.it
mailto:patrizi@dis.uniroma1.it
http://dx.doi.org/10.1016/j.ic.2017.08.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ic.2017.08.007&domain=pdf

D. Calvanese et al. / Information and Computation 259 (2018) 328-347 329

corresponding to first-order sentences, instead of the usual finite ones). In particular, notions like bisimulation and bisim-
ulation invariance essentially correspond to those known for the propositional case. Only very few papers have studied
verification logics with quantification across [8,3,9,21].

In this paper, we study in depth first-order w-calculus with quantification across. In particular, we consider three basic
p-calculus variants proposed in literature, namely ul, wLlq and pwLp, which are characterized by different restrictions
on how quantification across is controlled. The logic u £ poses no restriction on object quantification. This logic has been
used in several contexts [24,34,3] and is the most natural extension of modal w-calculus to express properties of transition
systems with first-order states. The logic uL, is a restriction of £ where quantification is required to range over objects
in the active domain of the current state only, i.e., objects present in the extension of some predicate in the current state.
In the context of artifact-centric dynamic systems [18], the logic L, was studied in [3], while its cTL fragment has been
investigated in [8,9]. The logic L is a restriction of L, which further requires that the objects assigned to the quantified
variables persist across the states traversed while checking the formula. The logic u£, was also studied in [3], and then in
the context of situation calculus action theories [20,21].

As shown in [3], these three logics can be characterized by three distinct notions of bisimulation over transition systems:
standard bisimulation (though extended to deal with first-order states); history preserving bisimulation (or a-bisimulation)
for ;Lq; and persistence preserving bisimulation (or p-bisimulation) for wL,. Specifically, L is invariant with respect to
bisimulation, L, is invariant with respect to a-bisimulation, and @£y is invariant with respect to p-bisimulation, where
bisimulation invariance means that two bisimilar states satisfy the exactly same formulas.

Decidability results for verification have also been devised. A crucial notion to obtain decidability is that of state-
boundedness [8,20,3,5]. In particular, [20] shows that verification of first-order p-calculus without quantification across
over bounded action theories in the situation calculus is decidable. Such theories have an infinite object domain, but the
number of object tuples that belong to fluents in each situation remains bounded. Nonetheless, an agent may deal with
an infinite number of objects over the course of an infinite execution. In [21], these results are extended to deal with
quantification across, showing that models of bounded situation calculus action theories can be faithfully abstracted into
p-bisimilar finite-state transition systems. This yields decidability of verification for @Lp. Remarkably, such an abstraction
is independent from the formula to verify.

Instead, [21] and [3] show, respectively for the situation calculus and for artifact-centric dynamic systems, that in the
uL, case (and hence also in L) no faithful finite abstraction can exist that is independent from the formula to check.
Interestingly, [8,9] prove that, for state-bounded transition systems, a faithful abstraction depending on the number of vari-
ables in the formula exists for the cTL fragment of ©.L,. Only recently it has been shown that this decidability result extends
to wLg [13], while it remained open, until now, whether it extends to uL as well.

Here we investigate thoroughly wl, uL, and wlp and the bisimulation notions associated to them. We establish quite
surprising results with respect to the expressive power of the three logics, and we establish decidability of verification for
L against state-bounded transition systems in general, and in particular against bounded situation calculus action theories.

Specifically, we present the following results:

e For generic transition systems, such as those generated by situation calculus theories, the notions of p-bisimilarity,
a-bisimilarity and bisimilarity collapse.

e For generic transition systems with the additional condition that the active domain of each state is finite, though not
necessarily bounded, uL, uL, and puL, have exactly the same expressive power, in the sense that if a £ formula
distinguishes two states, then there exists a Ly formula, and thus a L, formula, that does so as well (and obviously
vice-versa).

e As a consequence of the equivalence between p-bisimilarity and bisimilarity, we have that if two generic transition
systems (with infinite object domains) are p-bisimilar, they satisfy the same p £ formulas. We strengthen this result by
showing that, if one of the transition systems has a finite object domain that is large enough, then it preserves all ©L
formulas that use at most a predefined number of variables.

e We further show that, for state-bounded generic transition systems, and for a given set of variables, it is always possible
to define a faithful finite-state abstraction that preserves all 4 £ formulas with variables belonging to that set. This in
particular applies to models of bounded situation calculus action theories.

o Finally, we show that given a bounded situation calculus action theory (including those with incomplete information),
and a set of variables, we can effectively construct a new situation calculus action theory with finite domain that
preserves L formulas whose variables belong to that set. In this way, we obtain decidability of verification of pu.l
formulas over bounded situation calculus action theories.

These results have a strong impact also for the following reason. In [3] it is shown that verification of first-order LTL
with quantification across ranging over the active domain is undecidable even for state-bounded generic transition systems.
Then, using the folk assumption that p-calculus captures LTL also in the first-order case, e.g., [34], it is concluded that
Ly verification is undecidable for state-bounded transition systems. Here, we show that this is not true, and that u.C
verification is indeed decidable over state-bounded transition systems while first-order LTL verification is not. This has the
notable consequence that first-order w-calculus cannot capture first-order LTL, in general. In other words, once we allow for
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quantification across, the ability of LTL of talking about single traces cannot be mimicked anymore by p-calculus. To the
best of our knowledge this is the first formal proof of this important fact.

2. Generic transition systems

We consider transition systems with first-order (relational)! states, i.e., such that each state is associated with a full
first-order interpretation over a fixed alphabet of predicates, including equality interpreted as identity, and a fixed object
domain. Let F be a finite set of predicates, also called fluents, C a finite set of constants, and A an infinite object domain.
We denote by IntiT C the set of all possible interpretations of predicates in F and constants in C over the object domain A.
A transition system (TS) (over predicates F, constants C, and object domain A) is a tuple T = (A, Q, qo, —, Z), where:

Q is the set of states;

qo € Q is the initial state,

— C Q x Q is the transition relation; and

Z:Q+ Intf’c is the labeling function associating to each state q an interpretation Z(q) = (A, -Z@) such that the
constants in C are interpreted in the same way in all the states over which Z is defined.

We denote by adom(Z(q)) the active domain of Z(q), i.e., the set of objects occurring in the extension of some predicate in
Z(q) or interpreting some constant in C. Also we denote by I(q) the restriction of Z(q) to its active domain, i.e., I(q)
(adom(Z(q)), +@).

Among the various TSs we are interested in those that are generic. Genericity is a standard notion in Databases [1]
formalizing the fact that answers to queries depend only on the mutual relationships of the objects in the database (which
can be seen as a first-order interpretation). Such notion has been adapted to capture when the states of a dynamic system
are generated through a first-order specification, such as in [9] (there called uniformity), or in [3], or in [20,21].

To introduce genericity formally, we first recall the standard notions of isomorphism and isomorphic interpretations [28].
Two first-order interpretations Z; = (A1, -Z1) and Z; = (A, -Z2), over the same predicates F and constants C, are said to
be isomorphic, written Z; ~ I, if there exists a bijection (called isomorphism) h: A1 +— Aj such that: (i) for every F € F,
x e F4i if and only if h(x) € F22; (ii) for every c € C, c2 = h(cZ1). Intuitively, for two interpretations to be isomorphic, it
is required that one can be obtained from the other by renaming the individuals in the interpretation domain. Notice that,
necessarily, the interpretation domains of isomorphic interpretations have the same cardinality. When needed, to make it
explicit that h is an isomorphism between 77 and Z,, we write Z1 ~p, Z,.

Definition 1 (Generic Transition System). ATS T = (A, Q,qo, —, Z) is said to be generic if: for every q1,q},q2 € Q and every
bijection h: A — A, if Z(q1) ~r Z(q2) and q; — g, then there exists q), € Q such that q; — ¢/, and Z(q}) ~n Z(q}).

Intuitively, genericity requires that if two states are isomorphic they induce the “same” transitions (modulo isomor-
phism). This property is always true if the next states are built by a logical specification involving only the current state
and the next one, as long as we do not use predefined domains and relations (such as order) with special properties that
are specified extra-logically (e.g., we allow for natural numbers without formalizing them in the logic itself). In particular it
holds for situation calculus specifications (and indeed virtually all first-order based formalism for reasoning about actions
used in Al) [36].

Next we introduce state-bounded TSs. These are TSs whose states can contain only boundedly many objects in the active
domain. This restriction, together with genericity, is at the base of a series of decidability results for verification of various
temporal logics against TSs with first-order states [9,3,20,21].

Definition 2 (State-Bounded Transition System). A TS T = (A, Q,qo, —,Z) is said to be (state-)bounded by b if we have that
ladom(Z(q))| <b for every q € Q. Moreover, T is state bounded if it is state-bounded by b for some b.

That is, we say that T is state-bounded if there is a bound on the number of objects that can be accumulated in the
same state. Notice that this does not disallow the possibility of accumulating infinitely many objects along an infinite run
(or the entire TS for the matter).

3. First-order variants of u-calculus
To specify temporal properties, we adopt modal p-calculus [27,37,11], one of the most powerful temporal logics for

which model checking has been investigated. It is well-known that in the propositional setting w-calculus is able to capture
both linear time logics, such as LTL, and branching time logics such as cTL and ctL* [16,6]. The main feature of modal

1 In this paper, we focus on the relational view of first-order logic without considering function symbols.
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@y, =1a19€Q and Z(g), v = )
D) vy = QN (@, v
(@1A D), vy = (D1, vy N (P2, y)
Ex@)(, v, ={q13d € AGE @), y)/a)
(=), vy =1(q13q'.g—> ¢ and g’ € (@), )}
Dy =Vw.2)
(;,LZ.QD)(V’V) =M{EcQ] (‘D)(Tvyw[z/g] cé}

(v, V)[x/d] stands for (v/, V) where v’ is as v except that v'(x) =d. Similarly (v, V)[Z/£] stands for (v, V') where V' is as V except that V'(v,Z)=E.

Fig. 1. Semantics of nL.

p-calculus is the ability of expressing directly least and greatest fixpoints of (predicate-transformer) operators formed using
formulae relating the current state to the next one. By using such fixpoint constructs one can easily express sophisticated
temporal properties defined by induction or co-induction. In the following we consider three first-order variants of modal
j-calculus that have been considered in literature.

3.1. The logic nC

The first logic we consider is characterized by unrestricted quantification over objects, and was studied, e.g., in [24,3].
The syntax of uL is

Q=@ | =0 | D1AD, | D | (—)D | Z | uZ.D,

where: ¢ is a first-order formula expressed using predicates in F and constants in C; the modal operator (—)® denotes the
existence of a transition from the current state to a next state where ® holds; and ©Z.® denotes the least fixpoint of the
formula @ seen as a predicate transformer with respect to Z. We use the standard abbreviations for O and V. We also use
vZ.® as an abbreviation for = Z.—~®[Z/—Z],> to denote the greatest fixpoint of ®. Note that in L quantification across
ranges over arbitrary objects in the object domain. As usual in p-calculus, formulas of the form @wZ.® (and vZ.®) must
obey to the syntactic monotonicity of ® with respect to Z, which states that every occurrence of the variable Z in ® must
be within the scope of an even number of negation symbols. This ensures that the semantics of £Z.® and vZ.® is well
defined.

Example 1. The ;£ formula
Vx.Student(x) D nY.((3y.Graduates(x, y)) vV (—)Y)

states that for each student x in the current state, there exists an evolution that eventually leads to the graduation of x
(with some final mark y). u

To interpret wL formulas over a TS T = (A, Q, qo, —,Z), we use valuations (v, V) formed by an individual variable
valuation v and a predicate variable valuation V parametrized by v, i.e., which maps each predicate variable Z to a subset
V (v, Z) of Q. We define the extension function (~)(TV vy which maps £ formulas to subsets of Q, as shown in Fig. 1.

Given a uL formula ®, we say that a TS T satisfies ® at state q under v and V, written T,q, (v,V) = ®, if g€ (@)(Tv’v).
When & is closed on predicate variables, we omit V, as irrelevant, and write T, q, v = ®. If ® is closed on both individual
and predicate variables we simply write T, q = ®. For closed formulas, we say that T satisfies ®, written T |= @, if T, qo = .

We can naturally extend the classical notion of bisimulation [32] to deal with TSs with first-order states. Let T{ =
(A1, Q1,910,—1,Z1) and T2 = (A3, Q2,q20, —>2,2Z2) be two TSs over predicates in F and constants in C. A relation
R € Q1 x Q3 is a bisimulation between T and T,, if there exists a bijection b : A; — Ay such that (q1,q2) € R implies
that:

1. Zh(q1) ~p Z2(q2);
2. for each ¢} € Qq, if g1 —1 ¢ then there ex@sts q5, € Q such that g; —> ¢, and (g, q}) € R;
3. for each ¢} € Qg, if g2 —2 g then there exists g7 € Q¢ such that g1 —1 ¢ and (g}, q5) € R.

We say that a state q1 € Q1 is bisimilar to q; € Q3, written g1 = 3, if there exists a bisimulation R between T and T,
such that (q1, b, q2) € R. When needed, we also write g1 &~ g2, to explicitly name b. Finally, T; is said to be bisimilar to T,
written T1 ~ To, if q10 &~ q20. It is immediate to see that bisimilarity between states and TSs, i.e., the (overloaded) relation
~, is an equivalence relation.

Using the notion of bisimilarity, one can prove a suitable version of the classical bisimulation invariance result for the
j-calculus [11], which states that bisimilar TSs satisfy exactly the same g -calculus formulas.

2 @[Z/—Z] denotes the result of syntactically substituting Z with —=Z in ®.
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Theorem 3. Consider two TSs T1 = (A1, Q1,q10, —>1,2Z1) and To = (A3, Q2, q20, —>2, L2) with Ay and A, infinite. If T ~ T, then
for every L closed formula ®, T = @ ifand only if T2 = ®.

Proof. Straightforward extension of the proof for modal w-calculus in the propositional setting [11]. O

The converse of this theorem does not hold in general, but we show later that it holds under some general conditions.
3.2. The logic 1L,

The logic nL, is characterized by the assumption that quantification over objects is restricted to those objects that are
present in the current active domain, and was studied in [3] and in [9].> The syntax of L, is

=@ | =D | PIADy | XLVEX)AD | ()P | Z | nZ.d.

Note that in L, quantification across is forced to range over objects in the current active domain, through the special
predicate LIVE(-), which denotes membership to the active domain, and can be seen as an abbreviation for the disjunction
\/ P(...,x,...) over all predicates P and all positions of x in P. That is, individuals over which quantification ranges must
belong to the active domain of the current state of the TS.

Example 2. The n£ formula
Vx.Student(x) D nY.((y.Graduates(x, y)) vV (—)Y)

is in fact a uLy formula since Vx.Student(x) D uY.((3y.Graduates(x, y)) Vv (—)Y) is equivalent to VX.LIVE(X) A Student(x) D
1Y .((Jy.LIVE(Y) A Graduates(x, y)) V (—=)Y). ]

Next, we introduce the notion of history-preserving bisimulation, which captures pL,. Given a bijection h: Q — Q’, we
denote with pom(h) the domain of h, i.e., the set of elements in Q for which h is defined, and with imMG(h) the image of
h, i.e., the set of elements ¢’ in Q' such that ¢’ = h(q) for some q € Q. A bijection h’ extends h if pom(h) € pom(h’) and
h'(x) = h(x) for all x € pom(h) (or equivalently mmc(h) € iMG(h’) and h' ~1(y) =h~1(y) for all y € imG(h)).

A history-preserving bisimulation relation can be defined as follows. Let T = (A1, Q1,q10,—>1,Z1) and T, =
(A2, Q2,q20,—2,Z7) be two TSs (over the predicates in F and constants in C), and let H be the set of all possible
bijections h : D1 + D3, for D1 € A1 and D € Aj. A relation R € Q1 x H x Q2 is a history-preserving bisimulation (or
a-bisimulation) between Ty and T», if (g1, h, g2) € R implies that:

1 fl (q1) ~n ) (q2), i.e., h is an isomorphism between the restrictions of Z;(q1) and Z,(q2) to their active domains;
2. for each ¢ € Qq, if g1 —1 q] then there exists g, € Q2 such that:
(@) g2 =25, and
(b) there exists a bijection h": pom(h) U adom(Z; (q7)) — mc(h) Uadom(Z(q5)) that is an extension of h and such that
(q),h,45) € R;
3. for each ¢}, € Qa, if g2 —3 g}, then there exists g} € Q1 such that:
(@) g1 —14}, and
(b) there exists a bijection h’ : poM(h) U adom(Z; (q’l)) > 1MG(h) Uadom(Iz(q’z)) that is an extension of h and such that
(4}, ', q5) e R.

In other words, we say that two states (possibly of two different TSs) are history-preserving bisimilar if there is an isomor-
phism between them that can be extended in successor states, while preserving bisimulation. This means that, starting from
the initial states of the two TSs, the identity of the objects seen along each history is preserved when moving to successor
states.

We say that a state g1 € Q1 is history-preserving bisimilar (or a-bisimilar) to q; € Q2, written g1 &“ g, if there exists an
a-bisimulation R between Ty and T3 such that (g1, h, q2) € R, for some h; when needed, we also write q1 ~} g2, to explicitly
name h. Finally, T is said to be a-bisimilar to T,, written T &% T, if q19 &% q0. It is immediate to see that bisimilarity
between states and TSs, i.e., the (overloaded) relation ~%, is an equivalence relation.

Using the notion of a-bisimilarity, one can prove a suitable version of the classical bisimulation invariance result, see e.g.,
[11].

Theorem 4 ([3]). Consider two TSs T; = (A1, Q1, q10, —1,Z1) and T2 = (A2, Q2, q20, —2, Z2) with A1 and Ay infinite. If T{ &°
T, then for every L, closed formula ®, T1 = ® ifand only if T, = &.

3 Actually, [9] considers the cTL fragment of wLq.
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The converse of this theorem does not hold in general, but, as before, we show later that it holds under some general
conditions.

3.3. The logic uLp

Next, we consider a restriction of ©Lq, called uLy, studied in [3,21]. The syntax of Ll is
=@ | =D | D1 ADy | IXLIVEX) A D | LIVER) A (=)D | LIVER) A [—]DP | Z | nZ.®.

Note that in n£L, quantification across ranges over objects in the current active domain that persist in the extension of some
fluents across situations. This is obtained by forcing through LIVE(X) A (—)® and LIVE(X) A [—]® that the variables occurring
free in ®* are assigned to objects that are in the active domain of the current state.

Example 3. The following L, formula:
Vx.Student(x) O uY.((Ay.Graduates(x, y)) V LIVE(X) A (—)Y)

states that for each student x in the current state, there exists an evolution, where x remains in the active domain, which
eventually leads to the graduation of x (with some final mark y). ]

The bisimulation relation that captures wL, is defined as follows. Let Ty = (A1, Q1, 10, —1,Z1) and T2 = (A2, Q2, q20,
—, 1) be two TSs (over the predicates in F and constants in C) and let H be the set of all possible bijections h: D + D3,
for D1 € A1 and Dy € Aj;. A relation R € Q1 x H x Qg is a persistence-preserving bisimulation (or p-bisimulation) between
Ty and Ty, if (g1, h, q2) € R implies that:

1. Z1(q1) ~n T2(q2);
2. for each ¢ € Qq, if g1 —1 q) then there exists g, € Q2 such that:
(@) g2 >2q5, and
(b) there exists a bijection h’ : adom(Z1(q1)) U adom(Z1(q})) + adom(Z>(q2)) U adom(Z>(q3)) such that its restriction
W' ladom(z, (q1)) coincides with hlagom(z; (1)) and (q7, 1'ladom(z, ;) 92) € R
3. for each ¢, € Qa, if g2 —3 ), then there exists g} € Q; such that:
(@) g1 =14}, and
(b) there exists a bi.jec.tion h" s adom(Z1(q1)) U adom(Z1(q})) + adom(Z(q2)) U adom(Zz(q5)) such that its restriction
W |adom(z; (1)) coincides with hlqgom(z,(q1)) and (q}. h'|adom(z, @) q,) € R.

In other words, we say that two states (possibly of two different TSs) are persistence-preserving bisimilar if there is an
isomorphism between them that can be maintained in the successor state for all objects that are in the intersection of the
active domains of the current and the successor state itself. This means that the identity of objects is preserved only as long
as they persist in the active domain.

We say that a state q; € Q1 is persistence-preserving bisimilar (or p-bisimilar) to q, € Q», written g1 ~P ¢, if there exists
a p-bisimulation R between T1 and T, such that (qq,h,q2) € R, for some h; when needed, we also write g1 %ﬁ q2, to
explicitly name h. Finally, a TS T, is said to be p-bisimilar to T,, written T1 &P T, if 19 ~P q20. Again, it is immediate to
see that p-bisimilarity is an equivalence relation.

Theorem 5 (/3]). Consider two TSs T1 = (A1, Q1,q10, =1, Z1) and Ty = (A3, Q2, G20, —>2, Z2) wWith Aq and A infinite. If T; ~P
T, then for every closed L, formula @, T1 = ® if and only if T, |= ®.

Again, the converse of this theorem does not hold in general, but, we show later that it holds under some general
conditions.
For a state-bounded generic TS we can construct a finite faithful abstraction with respect to closed L, formulas.

Theorem 6 ([3,20,21]). Given a state-bounded generic TS T, there exists a finite state TS T/ that is p-bisimilar to T.

By the two theorems above, we have that for every state-bounded generic TS T there exists a finite TS T/ which is
a faithful abstraction, i.e., for every closed uLp, formula ®, T = & if and only if T/ = ®. Hence we can use T/ to model
check properties of interest over T.

Unfortunately, it is easy to see that in the case of L or wLq, there exists no finite-state faithful abstraction of T that
is independent from the formula to verify. Indeed, assume that we have a TS where every transition replaces an object in the

4 With the proviso that second order variables are substituted by their corresponding fixpoint formula.
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Fig. 2. Relationships among the states q1, 4}, g2, g5, g5, g5 involved in the proof of Theorem 7.

active domain with a fresh object. Then, for every bound n on the number of objects in a candidate finite abstraction, we
can write a (fixpoint-free) formula saying that there exists a finite run with more than n distinct objects:

Ix1.LIVE(X1) A (—)(3x2.LIVE(X2) A X25#X1 A
(—)(3x3.LIVE(X3) A X37£X1 A X3F#X2 A

(=) (FXn41 .LIVEXn41) A Xnt17X1 A -+ A Xny17Xn) -+ +))

This formula is obviously true in the original TS, but it is false in any finite abstraction using at most n objects [3,20,21].
4. Expressiveness over generic transition systems

We start by proving the key result of this section: on generic TSs, p-bisimilarity implies bisimilarity.>

Theorem 7. Consider two generic TSs, T1 = (A1, Q1,q10, —>1,2Z1) and Ty = (A2, Q2, @20, =2, L2), with |A1] = |A2| infinite. If
there exists a p-bisimulation P between T1 and T, then there exists a bisimulation B between T1 and T».

Proof. For an n-ary relation R C Dy x --- x Dy, define the projection of R on the i-th component as: m;.R = {d; € D;j |
Adq,...,d;,...,dy) € R}.

Since T; ~P T,, we have that qqo %ﬁo G20, for some suitable isomorphism hg. Let £: A1 — Aj be a bijection extending
ho to the whole Aj1. Such an £ exists because hg is a bijection and |A1| = |Az|. We define the relation B € Q1 x Q3 such
that (qq,q2) € B iff: q1 € m1.P, q € m3.P, Z(q1) ~¢ Z(q2). We show that B is a bisimulation between T{ and T,. To this
end, consider the definition of (plain) bisimulation (p. 331) and let (g1, g2) € B. Requirement 1 is obviously satisfied.

As to requirement 2, assume that, for some g, g1 —1 ¢}. Because, by the definition of B, q; € 71.P, we have that, for
some h and q, (q1,h,q}) € P. Then, by definition of p-bisimulation, since q; —1 g}, there exists an extension h’ of h to
adom(Zy(q7)) and a state g5’ € Q2 such that g5 —> g3’ and (q},h’,q}’) € P. Notice this implies q; € 1.P. Let g: A; — A
be a bijection extending h’ to the whole Aj. It is immediate to see that g exists. Because of the way h’ extends h and g
extends h’, we have that Z;(qq) ~¢ Z>(q5). Then, since Z;(q1) ~¢ Z2(q2) and Z1(q1) ~¢ Z2(q3), by symmetry and transitivity
of ~, and closedness of isomorphism under composition, it follows that 7, (q2) ~y-1,4 Z2 (@3-

Now, observe that q2,q5,q5" € m3.P C Q2 (in particular for g, this is a consequence of B’s definition) and g3 —2 q7'.
Thus, since T, is generic, for every bijection f: Ay > Aj such that Z,(q5) ~5 Z>(q2), there exists a state g, € Q2 such
that q; —2 q;, and Z(q}") ~f I2(q5). Consider, in particular, the bijection f = g~ 1o ¢. Because Z(q2) ~ilog T>(q5), we
obviously have that Z5(q}) ~ Z>(q2). Then, by genericity, there exists q), € Q2 such that g2 —2 ¢} and Z5(q5) ~5 Z2(q5)-
For convenience, the relationships among states q1, g}, g2, g5, g5, g5 are depicted in Fig. 2.

We now show that (g, g}) € B. To this end, recall first that g} € 771.P. As to ¢/, we need to show that g, € 73.P. This
is an immediate consequence of the fact that, by B’s definition, g2 € 73.P, and that g —3 q5. Indeed, because q; € 73.P,
there exists a tuple (q{,h”,q2) € P; moreover, because g2 —2 g5, and P being a p-bisimulation, there must exist g7’ € Qg
and h", such that ¢ —1 ¢} and (q{’,h"”,q}) € P. Thus, g, € w3.P. Finally, we prove that Z;(q}) ~¢ Z2(q5). To this end,
observe that Z,(q}) ~f Z2(q5) and Z1(q}) ~¢ I>(q5’) (the latter is a consequence of the fact that g is a bijection extending
h’). Then, again, by transitivity and symmetry of ~, and by closedness of isomorphisms under composition, we have that
Z1(q}) ~gof Z2(qy). Thus, since go f =go g 'ot =¢, it follows that 7, (q}) ~¢ Z2(q’). Requirement 3 can be proven in
essentially the same way, using £~ ! instead of £. O

As an immediate consequence, we have that if two TSs are p-bisimilar, then, being also bisimilar, by invariance with
respect to bisimilarity (Theorem 3) they satisfy the same closed w.£ formulas.

5 Notice that in [13] an analogous, though weaker, result is proved: on generic TSs, p-bisimilarity implies a-bisimilarity.
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Theorem 8. Consider two generic TSs Ty = (A1, Q1,q10, —>1,Z1) and T2 = (A3, Q2,q20, —>2,L2) with |Aq| = |A2| infinite. If
T1 ~P T, then for every closed L formula ®, we have that T, = ® if and only if T, = ®.

Next, we study the converse of Theorems 3, 4 and 5. In other words, we are interested in understanding for which TSs we
have that if two states satisfy exactly the same uL, nl, or uL formulas then they are, respectively, bisimilar, a-bisimilar
or p-bisimilar. In particular, we show that such results hold for generic finite-active-domain TSs, which are generic TSs with
the additional condition that the active domain of every state is finite (though not necessarily bounded by some given b).
Such class of TSs includes generic state-bounded TSs, as well as more general TSs obtained by starting from a database and
updating it at each step with a finite number of tuples, as typical of, e.g., artifact-centric dynamic systems [3].

We first prove a key property of generic TSs, i.e., the fact that if the interpretations associated with two states of the
same TS are isomorphic with respect to the active domain then they are p-bisimilar.

Lemma 9.If T = (A, Q,qo, —,Z) is a generic TS, then for every two states q1,q, € Q and every bijection h : D — D with
adom(Z1(q1)) U adom(Z3(q2)) € D € A such that Iy (q1) ~ Z2(q2) we have g1 =, qa.

Proof. By co-induction, we can show that the relation R = {{q1, h, q2) | Z1(q1) ~r Z2(q2)} is a p-bisimulation, by exploiting
the very definition of generic TS. O

Notice that Lemma 9 leverages on the fact that the two states belong to the same generic TS. If this were not the case,
i.e., if the states were taken from different TSs, we could not exploit genericity (which relates states of the same TS) and
the claim would not hold. Observe also that the converse of Lemma 9 trivially holds, as a consequence of the definition of
p-bisimilarity.

Now, we can show the following result for pLp.

Theorem 10. Consider two generic finite-active-domain TSs T{ = (A1, Q1, q10, =1, Z1) and To = (A2, Q2, q20, —>2, I2) with A4
and A; infinite. If for every closed wLp formula ®, T1 = @ ifand only if T |= @, then T1 ~P T,.

Proof. We show by co-induction that the relation R = {(q1, h, q2) | for all ® € uL,.T1,qq1 = ® iff T2, q2 = ® and TZ1(q1) ~n

T5(q2)} is a p-bisimulation. R satisfies the first condition of p-bisimulation by definition. Suppose towards contradiction
that it does not satisfy the second condition, i.e., there exist a tuple (g1, h, q2) and a state g} such that q; —1 g} but there

is no extension h’ of h and no g/, such that: g —1 ¢, and h'|qdom(z, (q,)) coincides with h|egom(z,(q:)); 7 @) ~w T, (q5); and
q; and ¢}, satisfy the same closed L, formulas.

Consider the isomorphism type of Z;(q}), i.e., the set of interpretations that are isomorphic to Z;(q}). Since adom(Z;(q}))
is finite, there exists a closed first-order formula W, which we call characteristic formula, with one existentially quantified
variable for each object in the active domain, that characterizes the isomorphism type [21]. From ¥ we can construct an
open first-order formula W (X), by leaving open the variables X corresponding to objects already in adom(Z;(qq)). In this
way, W (X) parameterizes the characteristic formula on X, forcing the objects coming from adom(Z;(q1)) to persist.

Now, suppose that for each ¢/, there is a closed 1+£;, formula that is true in g} but false in g),. Notice that all ¢/, belonging
to the isomorphism type captured by W(X) are p-bisimilar by genericity (Lemma 9), hence, by p-bisimulation invariance
(Theorem 5), they satisfy the same L, formulas. Thus, if such a formula exists it is the same for all states q. Let denote
this formula by ®. Then T1, g1 &= 3X.LIVE(X) A (=) (W (X) A ®) and T», g2 = VX.LIVE(X) D [—](¥(X) D —®). Thus q; and g, do
not satisfy the same pL, formulas, and we obtain a contradiction. The third condition can be proven analogously. O

By considering that uL, is a subset of £, as an immediate consequence of Theorems 10 and 7, we obtain an analogous
result for w.L.

Theorem 11. Consider two generic finite-active-domain TSs T1 = (A1, Q1,q10, —1,Z1) and Ty = (A2, Q2, @20, —>2, L) with
|A1] = |Az| infinite. If for every closed L formula ®, we have that T1 = @ if and only if T, = ®, then T ~ T».

Proof. The proof exploits the fact that L extends uLp, and that equivalence with respect to wL, formulas guarantees
p-bisimilarity, which in turn implies bisimilarity for generic finite-active-domain TSs. O

Considering that uL, is a subset of £, a similar result holds for uw£, as well. Observe that Theorem 3 and Theorem 11,
together, can be seen as the lifting to wL of the classical p-calculus characterization of bisimulation in the propositional
setting [11]. Analogously, Theorem 5 and Theorem 10 can be seen as the lifting to Ly, and Theorem 4 and Theorem 11 to
nLg.

To summarize, considering that wL, is a subset of wLlq, which is a subset of ., given two TSs Ty = (A1, Q1,q10,
—1,Z7) and T, = (A2, Q2, 20, =2, Z2) with |[A1| =|A;| infinite, a state q; of T1, and a state g, of T,, we have that:
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e always:

q1~qy implies g1 ~*qy  implies q1 ~P q
q1 ~P q2 implies g1 =,c, G2

q1 ~*qy implies q1 =,r, G2

q1~qy  implies g1 =,z q2

q1 =pc q2 implies q1 =4z, q2 implies g1 =uz, G2

e when T and T, are generic:
q1 ~P q, equivalent g1 ~® g, equivalent q1 ~ ¢y

e when Ty and T, are generic finite-active-domain:

q1 =uc, 92 equivalent g1 ~P q

q1 =uc, 92 equivalent qq ~° g3

q1=pc q2 equivalent g1 ~qa

q1 =uc, q2 equivalent qq =, 2 equivalent q1 =, g2

—_

where g1 =, ¢, q2 denotes that q; and g, satisfy the same L, formulas, analogously for £, and pL.
5. Finite-state faithful abstractions

In this section, we study verification of w£ formulas over state-bounded generic TSs. In particular, as in [20,21,3,9], we
aim at obtaining decidability of verification by abstracting infinite TSs into finite-state ones. The general idea is to take
advantage of what has been shown in the previous section, namely that w/£ is invariant with respect to p-bisimulation
(Theorem 8). Based on this result it might appear that one could search for a finite-state generic TS that is p-bisimilar to
the original infinite-state one, and then perform verification on this, as, e.g., in [21]. However, such a finite-state generic
TS cannot exist. Indeed, for applying Theorem 8, the finite-state generic TS needs to have an infinite object domain. Un-
fortunately, by the very definition of genericity, every generic TS with an infinite object domain must be infinite-state: if
there exists a transition, then all, infinitely many, isomorphic transitions must exist, each producing a different successor
state. To overcome this we need a stronger version of the invariance of w.£ with respect to p-bisimulation, which also takes
into account that we cannot have a finite abstraction that preserves ;£ and is independent from the formula to check, as
discussed at the end of Section 3. The next result establishes such a stronger version of invariance.

Theorem 12. Consider a finite set Vars of variables and two generic TSs, T1 = (A1, Q1, @10, — 1, Z1), bounded by b and with infinite
Aq,and Ty = (A3, Q2, @20, —2, L), with | Ay| > 2b+|Vars|, such that T; ~P T,. Then, for every closed (L formula ® with variables
renamed apart® and belonging to Vars, we have that T1 = ® if and only if T, = .

To prove Theorem 12, we first establish the claim for the simpler logic £, which is u£ without fixpoint constructs. We
then generalize it to the infinitary version of £, which captures © ., by using a well-known line of reasoning in w-calculus,
see [39,11] or [21, Lemma 2].

We start by showing a generalization of a classical result in Databases, see, e.g., [30, Theorem 5.6.3]. We denote
by vars(®) the set of first-order variables of a formula ®, and by free(®) the set of its free variables. Note that, for
closed formulas, free(®) is empty. For convenience, given an interpretation Z = (A,-L) and a set D C A, we define
7P = (adom(Z) U D, -T). That is, Z? is the restriction of Z to its active domain, with the interpretation domain augmented
with the elements of D.

Lemma 13. Every first-order formula ¢ can effectively be rewritten as a formula ¢’, called the domain-independent version of
@, with vars(¢’) = vars(p), free(¢’) = free(p), and quantified variables ranging only over the active domain, such that, for every
interpretation T = (A, -T) with |A| > |adom(Z)| + |vars(¢)| and for every valuation v, we have that T, v = ¢ iffZP, v = @', where
D= IMG(V|free(g0))-

Proof. By induction on the structure of ¢. We assume, without loss of generality, that all variables of ¢ are renamed apart.

If o =(t; =t3) or ¢ =F(ty,...,ty), with t; (i=1,...,n) arbitrary terms (i.e., variables or constants), we let ¢’ = ¢. In
these cases the thesis follows immediately. Boolean connectives, similarly, propagate unchanged from ¢ to ¢’. If ¢ = 3x.¢,
let

6 This means that no two quantifiers in the formula range over the same variable.
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"= (3X.LIVE(X) A @) V ( \/ x=y)AdH Vv,

yefree(p)

where

e ¢’ is the domain-independent version of ¢;
e 1 is obtained from ¢’ by replacing the atomic formulas x=x, x=y, x=c, and F(...,x,...), where y is a variable
distinct from x, ¢ is a constant symbol, and F is a predicate symbol, respectively with T, 1, 1, and L.

_ We have that Z,v = 3x.¢ iff there exists d € A such that Z, v[x/d] = ¢. By induction hypothesis, this holds iff
ZPd vix/d] = ¢, with Dy = IMG(V[X/d]|free(g))- Notice that IMG(V[x/d]free()) = IMG(V |free(p)) U {d}, as free(¢) = free(p) U {x}.
We distinguish three cases: (i) d € adom(Z); (ii) d € IMG(V|free(p)); (iii) d ¢ adom(Z) U IMG(V |free(y)). Notice that case (iii) is
possible, in general, only if |A| > |[adom(Z)| + |vars(p)|.

In case (i), we have that ZP¢ = adom(Z) U IMG(V[X/d]|free(q)) = adom(Z) UIMG(V |free(q)) U {d} = adom(Z) U IMG(V |free(p)) =
7D, Consequently, JDa, vix/d] &= ¢’ iff 7b, v[x/d] = ¢'. Thus, it can be checked that there exists d € adom(Z) such that
Z,v[x/d] & ¢ iff 7P v = 3x.LvE(X) A ¢'. Also in case (ii), by the same argument as above, 7DPd = 7P Thus, we have that
there exists d € IMG(V|fee(p)) Such that ZP¢, vix/d] = ¢’ iff I, v = V yefieey X=Y) A ¢'.

For case (iii), we first show that: ZPd, v[x/d] = ¢’ iff fDd,v[x/d] = ¢. To this end, observe the following. First, by
replacing (x = x) with T in ¢’, we obtain a formula equivalent to ¢’. Second, notice that y can occur either free or quantified
in ¢’ (these two cases are mutually exclusive, as we assume variables are renamed apart). If y occurs free, let d’ be
the object assigned to y by v[x/d] (and v). Notice that y occurs free also in ¢, thus d’ € IMG(V|free(p)). Then, since d ¢
adom(Z) U IMG(V |free(p)), it follows that v[x/d](x) =d # d" = v[x/d](y). Thus, IDa, v[x/d] I~ (x = y). The same occurs if y is
quantified as, in this case, y ranges over the active domain of Z2¢, which is the same as that of Z, i.e., adom(Z). Therefore,
since adom(Z) does not include d, by replacing every occurrence of (x = y) in ¢’ with 1, we obtain a formula that is
equivalent to ¢’ with respect to P4 and v[x/d]. Thirdly, since the interpretation of c is in adom(Z), while d ¢ adom(Z),
then we can replace all occurrences of (x =c) in ¢’ with 1, and obtain, again, a formula equivalent to ¢’ with respect
to ZP4¢ and v[x/d]. Finally, as d ¢ adom(Z), we can replace also all occurrences of F(...,x,...) in ¢’ with L, and obtain a
formula equivalent to ¢’ with respect to Z2¢ and v[x/d].

Since the replacements above are those that transform ¢’ into v, we have that ZP¢, v[x/d] &= ¢’ iff ZDa, vix/d] = ¢.
However, v does not contain any occurrence of x, so we have that ZP¢, v[x/d] = ¢ iff ZDd v = . Moreover, observe that,
by induction hypothesis, the quantified variables of v range only over the active domain, and that ZP¢ and Z° differ only
for the fact that the domain of the former contains d, outside the active domain. Thus, it can be checked that ZP¢ and
7P are indistinguishable through v, and hence ZP¢, v[x/d] &= ¢ iff b,y = . We can therefore conclude that there exists
d € A\ (adom(Z) U IMG(V [free(y))) Such that 7, v[x/d] = ¢ iff ZP, v = . Since (i), (i), and (iii) cover all possible cases for
d € A, the claim easily follows. O

The next result establishes invariance of £ under p-bisimulation even between a TS with infinite object domain and a
TS with finite object domain (provided the latter TS contains in its object domain a number of objects that is large enough).

Lemma 14. Let

Vars be a finite set of variables;

T1 = (A1, Q1,q10, =1, Z1) a generic TS bounded by b and with infinite A1;

Ty = (A3, Q2,q20, —2,212) ageneric TS with |A,| > 2b + |Vars|;

g1 € Q1 and q, € Q two states such that, for some h, q1 %ﬁ q2;

v1, V2 two individual variable valuations, mapping variables in Vars to A1 and A, respectively;
® an open L formula with variables renamed apart and belonging to Vars.

If there exists a bijection h between adom(Z1(q1)) U IMG(V1|free(w)) and adom(Zz(q2)) U IMG(V2|free(d)), Whose restriction

hladom(z, (q,)) coincides with h and such that, for every individual variable x € free(®), h(v1(x)) = vo(x), then Ty,q1,vq k=
@ ifand only if Ty, q2, v = .

Proof. By induction on the structure of ®. For ® = ¢, by Lemma 13, we have that Z;1(q1), v1 E ¢ iff ffl(qﬂ, viE¢,
with D1 = IMG(V1|free(p)). Moreover, by the existence of h, it follows that, up to object renaming, lel (g1) and vi match,
respectively, ffz (q2) and vy, with Dy = IMG(V2|free(p)). Thus, we have that ffl (q1),v1 E ¢ iff ffz(qz), vy = ¢'. But
then, observing that |A;| > |adom(Z,)| + |Vars|, (because by boundedness, |adom(Z;)| < b), by Lemma 13 it follows that

szz (@2), v2 = ¢ iff T(q2). v2 = @.
Boolean connectives are straightforward.
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Fig. 3. Relationships among sets and functions used in the proof of Lemma 14.

For ® = 3y.®’, suppose that Tq,qq,v1 = ® (the other direction is proven in an analogous way). This implies that
there exists an object di € A1 such that Ty, q1, v1[y/d1] = @'. The following cases are possible: either d; € adom(Z;(q1)) U
IMG(V1|free(d)) OF d1 ¢ adom(Z1(q1)) U IMG(V1lfee(w))- In the former case, using the bijection h, it can be easily proven by
induction that, for d, = fl(d1) we have T, 2. valy/d2] = @/, that is, T2, q2, v2 =3y. 9.

For the latter case, consider a bijection [ (adom(Z1(q1)) U IMG(V1|free(q>))) W {dq} — (adom(Z2(q2)) U lMG(V2|free(¢,))) ©]
{d2} (with & denoting the disjoint union operator), obtained by extending h to dq in such a way that h(d1) =dy, with
dy € Az \ (adom(Z2(q2)) U IMG(V2|free(d)))- It can be seen, by a cardinality argument, that such a bijection exists. Indeed,
since free(®) C vars(®), y ¢ free(P), and |free(P)| > [IMG(V1lfee(w))|, We have that [vars(®)| > [IMG(V1|free(d))| + 1. Thus,
since |Az| > |adom(Z3)| + |Vars| and vars(®) C Vars, we also have that |A;| > |adom(Zy)| + [IMG(V1|free(w))| + 1. This is
enough to ensure that d, as above exists, which in turn guarantees the existence of R’. Now, consider the assignments
vily/d1] and v;[y/d2]. Because y € free(®’), we have that ' defines a bijection from adom(Z1(q1)) U IMG(V1[y/d1]|freed))
to adom(Z(q2)) UIMG(V2[y/d2]|free(ar))- AlSO, it is immediate to see that % satisfies, by construction, the lemma hypothesis,
with respect to v1[y/dq] and v3[y/d2]. Thus, by induction hypothesis, we can conclude that T, g2, va[y/d2] = @/, that is,
T2,qz, vy =3y.9.

For ® = (—)®’, suppose that T1,qq,vq = (—)®’. Then, there exists a transition q; —1 g} such that Ty,q},vi = @'
Since q1 %ﬁ q2, there exist: (i) a transition g2 —2 g5, and (ii) a bijection h’ : adom(Z; (q1)) U adom(Z1(q})) — adom(Z(q2)) U

adom(Z;(q)) such that h'|qgom(z,(q,)) coincides with h, and g %ﬁ,l ; . 5. We would like to inductively apply the
adom(Z1(q7))

lemma using @', 4. q5, h'|adom(z, (¢} V1, V2, and a suitable bijection h' that extends h/|adom(11(q/l)) and satisfies the lemma

hypothesis. Unfortunately, for g} and ¢}, such a R may not exist, in general. However, we can show that there exist another
state g5 € Q bisimilar to g} and such that g2 —2 g, and a bijection ' such that the lemma applies to ', q.q5, ", vy, va.
This, by inductjon hypothesis, implies that T, g7, v = @/, thus that T, g2, v, = ®. The rest of the proof is devoted to
derive g/, and h'.

Let g : adom(Z;(q1)) Uadom(Z;(q})) UIMG(V1 |free(ary) H> adom(Z2(q2)) U adom(Z3(q5)) UIMG(V2|fee(a)), De a bijection ex-
tending h. This exists because: |adom(Z1(q1))| = ladom(Z3(q2))| (by the existence of h); [IMG(V1|free(o/))| = IMG(V2free(a));
and |adom(Z1(q}))| = ladom(Z(q5))| (by the existence of h and h’). Consider the composition f = gladom(z, (q,))Uadom(T; @ °
h’—1. Being a composition of bijections, f is a bijection too, namely from adom(Z(q)) U adom(Z, (q5)) into itself, as g ex-
tends . Moreover, since both g and i’ extend h, we have that f is the identity on adom(Z,(q2)). Consequently, f |ad0m(12(q/2 »
is a bijection from adom(Z(q5)) to adom(Z(q})). Also, f can obviously be extended to a bijection f’ from A; to Aj. For
convenience, Fig. 3 depicts the functions defined above and the relationships among their domain and images. A directed
arc from set A to set B, labeled with function names, expresses that set A is mapped into set B through (any of) the
labeling functions. The symbol < is used to express that the lefthand function extends the righthand one on the origin set
of the arc. Notice that any function mentioned in an arc label (including those that are extended) maps the origin to the
destination set.

Now, consider g, and q,. Because T is generic, f’ is a bijection from A to Aj such that Z,(q2) ~ Z>(q2), then, by Defi-

nition 1, there exists a state q3 € Q2 such that g2 —2 g} and Z(q}) ~ Z2(q5). This, in turn, implies that ) @)~ fgomz @
adom 2 2
q5. Now, consider the

Iz(q 7), or, equivalently, Iz(qz) 1l Iz(q ). Then, by Lemma 9, we have that g, ~

adomZy (q )

bijection j = f|adom(Iz(q’2))) o Wladom(z, @- Because ¢ %h

f‘adom(Iz(qz)))
q, and g, ~ q4, by transitivity of bisimu-

| / f\
adom(Z; @) adom(Zp (qz)))
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Fig. 4. Relationships among the states q1,q}., gz, g, involved in the proof of Lemma 14.

lation, we have that g} %5.’ q3. However, since by the definition of f, fladomz,(qy) =& © h’*1|adum(12(q/2)), it follows that

i =800 MadomZy(@;)) © 1 ladom(z, (g} ) it follows that j = glagom(z; (q) - Finally, let ' = glagomz, (@)UIMG(V1 geqary) - ODVIOUSLY,
since g is a bijection, so is I. Further, because g matches h on IMG(V1 |free(ar)), also ' matches h on IMG(V1free(a)), there-
fore, for x € free(®’), we have that ﬁ’(\q(x)) = v2(x). The relationships among q1, g}, q2, g}, are depicted for convenience
in Fig. 4). To conclude the proof, it is enough to observe that s a bijection between adom(Z;(q})) U IMG(V1 |free(ay) and

adom(Z(q4)) U IMG(V2 |free(e')), and that i’ matches Jj on adom(Z1(q})), as j = &ladom(z, @) The other direction is proven
in a similar way. O

We now generalize the above result to u£ formulas.
Lemma 15. Lemma 14 holds also for L formulas ® closed on predicate variables.

Proof. By inspection of its proof, it is immediate to see that Lemma 14 holds also for ® belonging to the infinitary version
of £ [39]. This is an extension of £ that supports arbitrary infinite disjunction and conjunction of formulas sharing the
same free variables. Let W be a possibly infinite set of open £ formulas. Given a transition system T, a variable valuation
v, and a state q of T, we have that T,q,v =\/ W if and only if T,q,v = for some v € ¥. Analogously, we have that
T,q,v = AV if and only if T,q,v =y for all ¥ € W. Now, we can express approximates of wL fixpoint formulas in
infinitary £ in a standard way [11,39]. Let us denote the approximate of index o by u“Z.®, for least fixpoint formulas
MZ.®, and v*Z.®, for greatest fixpoint formulas vZ.®. Then, such approximates are as follows:

,uOZ.CD = false WZ.d = true
wbtlz.o = o(z/ufz.®] Vv Z.0 = o[Z/vPZ. D)
WZ.d=\g,1fz.e ViZd = Ny VPZ0

where A is a limit ordinal, and the notation ®[Z/ufZ.®] (resp. ®[Z/v?Z.®]) denotes the formula obtained from & by
replacing each occurrence of Z by ufZ.® (resp. v#Z.®). By the Tarski-Knaster Theorem [38], given a transition system T
and a state g of T, the fixpoints and their approximates are connected by the following properties:

e g€ (,uZ.CD)(TV,V) if and only if there exists an ordinal « such that q € (,uﬂZ.d))(Tv‘v) and, for every B < «, it holds that
Q¢ WPZ.®), vy

e q¢ (vZ.d))(Tv!V) if and only if there exists an ordinal o such that q ¢ (U“Z.CD)(TV’V) and, for every S < «, it holds that
qe (vﬁZ.Cb)(TV’V).

Hence every pL formula, closed on predicate variables, can be written as an infinitary £ formula, thus implying the the-
sis. O

The proof of Theorem 12 is a direct consequence of Lemma 14. To see this, observe that Theorem 12 is, in fact, a
specialization of Lemma 14, to the case where © £ formulas are closed on first-order predicates, and q; = q10 and g2 = qyo.
We can also show constructively that every state-bounded and generic TS can be abstracted into a p-bisimilar finite-state

generic TS with a (finite) object domain of a suitable size.

Theorem 16. Consider a transition system T1 = (A1, Q1, q10, —>1, Z1) that is generic, bounded by b, and with infinite A. Then, for
every k > 0, there exists a finite-state generic TS Ty = (A2, Q2, q20, —>2, I2), with |Ay| = 2b + k such that T{ ~P T5.

Proof. T, is defined as follows. The object domain A, is a subset of A such that |[Ay| =2b + k and adom(Z;(q10)) C A3
(notice that |adom(Z1(q10))| < b). The set of states is Q; = Intfz’c, which is the (finite) set of interpretations of F and C
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(T,1,v) B @ it (Z(),v) k=g

(r,i,v) B —@ if it is not the case that (7,1, v) =i @
(T,1,v) B @1 A D if (7,1, v) =i @1 and (7,1, v) =i @2
(1,1, V) B IX.LIVE(X) A @ if there exists d € adom(Z(z(i))

such that (7,1, v[x/d]) Ein ©
(T,i,v) B X if (r,i4+1,v) =i @
(t,1,v) Eur ©1U D2 if there exists k > i such that (t,k, v) Ei ©2
and for every j, if i < j <k then (7, j, v) =i ®1

Fig. 5. Semantics of LTL-FOg.

over A,. The initial state qy¢ is the interpretation such that gag =f1 (q10). The transition relation — is such that qg; —» q’2
iff there exist two states q1,q} € Q1 such that g1 —1 g}, Z1(q1) ~h Z2(q2), and Z1(q}) ~n Z2(q}), for some isomorphism h
(notice that here genericity comes into play).” Finally, Z, is the identity function. Obviously, T is finite. Moreover, it can be
shown that T is generic and that for each state ¢; € Q1 and every state g, such that fl (q1) ~f2 (q2), including the initial
states qqo and g9, we have that g; =P q;,. O

As a direct consequence of Theorems 12 and 16, we obtain:

Theorem 17. Given a finite set Vars of variables and a generic TS T1 = (A1, Q1, 10, =1, Z1), bounded by b and with infinite A4,
there exists a TS T2 = (A2, Q2, G20, —>2, L2), with |Ay| > 2b + |Vars|, such that T; ~P T, and, hence, such that for every closed u.L
formula ® with variables renamed apart and belonging to Vars, we have that T1 = ® ifand only if T, = ®.

Obviously, the case of interest is when A,, and hence the TS T, is finite. In this case, the finite T, is effectively
computable (as in the proof of Theorem 16) when the interpretation adom(Z1(q10)) of the initial state of Tq restricted to
the active domain is known, and one can effectively check whether there exist two states q; and g such that q; —1 qj,

T q1) :fz(qz), and 74 ) :fz(q’z). If T, can be effectively computed, Theorem 17 shows decidability of verification of
uL formulas. This is the case, e.g., for TSs induced by models of situation calculus bounded action theories (see Section 7).

6. Undecidability of linear-time verification

We now consider linear-time verification of generic transition systems against properties expressed in a first-order vari-
ant of LTL with active domain quantification, called LTL-FO,. This logic can be seen as the LTL version of pL,. We show that,
differently from the case of £, and ., in the linear-time setting boundedness is not sufficient to obtain decidability of
verification. This implicitly yields that, surprisingly, lifting such temporal logics to a first-order setting does not retain the
well-known property that p-calculus captures LTL.

The logic LTL-FO, extends propositional LTL with the possibility of querying the system states using first-order formulas
with (active domain) quantification across. The syntax of LTL-FOq is:

Pu=¢ | P | P ADy | IXLIVEX)AD | XD | DU Dy,

where ¢ is a first-order formula expressed using predicates in F and constants in C. We make use of the following standard
abbreviations: (i) ®1 VvV &3 = =(—=®1 A =dy), (ii) VX.LIVE(x) D ® = —3Ix.(LIVE(x) A =D), (iii) F® = trueU, (iv) GO =
—F—®.

Formulas of LTL-FO, are interpreted over (infinite runs of) transition systems with first-order states (cf. Section 2), with
the additional requirement that they must be serial, i.e., every state has at least one successor state. An (infinite) run t
over a (serial) TS T = (A, Q, qo, —,Z) is an infinite sequence qoq1 --- of states in Q, where the first state of the sequence
corresponds to the initial state of T, and for every i € N, it is true that g; — q;+1. Given j € N, by 7(j) we denote the j-th
state q; of T.

In details, an LTL-FO, formula is interpreted over a run 7 of T relatively to a position i € N. Since LTL-FO, formulas may
have free variables, we also use an individual variable valuation v. We then inductively define when t satisfies an LTL-FOq4
formula ® at position i under v, written (t,i,v) =i ®, as shown in Fig. 5. If ® is closed, we omit v and simply write
(t,1) i @. For closed formulas, we say that T satisfies ®, written, with a slight abuse of notation, T =y @, if for every
run T of T, we have that (r,0) =y . Given a TS T and a closed LTL-FO, property &, the linear-time verification problem
amounts to checking whether T = .

By appealing to [25], we show that linear-time verification of LTL-FO, properties is undecidable over bounded, generic
TSs. This is in contrast with the decidability result for wL,4, and £, and the folklore assumption that the ability of the
J-calculus to capture LTL in a propositional setting, lifts also to a first-order setting. This result, together with Theorem 17,

7 Actually, Q can be restricted to the set of states in Intfz‘c reachable through —».
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shows that @£ cannot capture LTL-FOq, thus neither LTL-FO, and hence that «£ does not have the ability to “isolate” runs
of a TS.

We call a TS T = (A, Q, qo, —,Z) simple-infinite if it is generic and serial, A is infinite, and for each pair of states
q1,q2 € A it is effectively decidable whether q; — g and whether Z(q1) ~ Z(q2). Such transition systems have an infinite
domain, and can be considered simple because they are generic, serial, and it is possible to effectively decide, given a state,
which are its successor states, and whether two states are isomorphic.

Theorem 18. There exists a simple-infinite TS bounded by 1, over which linear-time verification of LTL-FO, formulas is undecidable.

Proof. The proof is by reduction from the validity of (a fragment of) LTL with freeze quantifiers over infinite data words,
shown to be undecidable in [25, Theorem 5.2]. Given a finite alphabet X of labels, an infinite data word w over X and A
is an infinite sequence of key-value pairs over £ x A, i.e.,, w has the form (pg,do)(p1,d1)---, where for every i, we have
that p; € X and d; € A. The logic considered in [25, Theorem 5.2] is LTL1i (X, U), which has the following syntax:

pu=pltrue|—¢|p1 NP2 |XP|P1UP2 |19 11,

where p € X. From now one, we implicitly assume that ¢ is closed, i.e., that every subformula of the form 1 is in the
scope of a |1¢ formula. Intuitively, LTLi’ (X, U) extends LTL with the ability to store the currently processed value into a
single register (via |1), and to check whether the currently processed value is equal to the one stored in that register (via
11). Atomic formulae are used to predicate on the key propositions of the data word. More specifically, consider a data

word w = (po, do){p1,d1)---, and a position i over w. The satisfaction relation for LTLlL (X, U) is defined w.r.t. a valuation v
that assigns a value from A to the (single) register, and is defined as for standard LTL, except for the following three cases:

e The atomic formula p holds at position i of w with valuation v, if p; = p;

e A “store value” formula |1¢ holds at position i of w with valuation v, if ¢ holds at position i of w by considering a
new valuation v’ that assigns the register to the current value d;;

e A “check value” formula 11 holds at position i of w with valuation v, if the current value d; is equal to the one assigned
to the register by v.

For a detailed description of this logic, see [25].
We encode validity of LTL1i (X, U) over infinite data words as a linear-time verification problem of LTL-FO, over a simple-
infinite TS T = (A, Q, qo, —, Z), bounded by 1. More specifically:

1. We define T in such a way that its runs exactly correspond to all infinite data words over X and A.

2. We define a translation function FreezeToFO that, given an LTL%(X, U) formula ¢, produces a corresponding LTL-FOq
formula ® = FreezeToFO(¢).
3. We recast validity of ¢ as a linear-time verification problem that employs T and ®.

We consider the two predicates in J: (i) Key,/0 for p € X, used to mirror the finitely many key propositions in X; (ii)
Val/1, containing a single tuple that stores the current value of the data word.

The TS T is defined as follows. Q is the least set of states satisfying the following conditions: qo € Q, and for every
p € Z, and for every d € A, there exists a state q‘f, such that q‘; €Q, and I(q‘f,) is defined as follows:

Z(q3) . . .
e Key, " ={()} (i.e. Key, holds in Z(g}));
° ValI<qz> ={d} (i.e., the extension of Val in I(qg)) is d.

The transition relation —, in turn, is defined as the least set of transitions satisfying the following conditions:

e For each state qf, € Q such that qg #qo, we have that qp — qg (the initial state is connected to any other state).

e For each pair of states qg,q‘g, € Q such that ¢} # qo and q‘;/, # qo, we have that % — q‘;/, (each non-initial state is
connected to itself and to any other non-initial state).

It is immediate to see that T is simple-infinite and 1-bounded. It is also immediate to see that there exists a bijection
between the set of infinite data words over X and A and the runs of T, where a data word (pg, do)(p1,d1)--- is mirrored

into a run of T of the form qoqf,%qf,ll

Next we define the translation function FreezeToFO. Formulas of LTLlL (X, U) are translated into LTL-FO, by replacing each
“store value” formula with an existential first-order quantification over Val, and each “check value” formula by checking
whether the quantified variable is in Val. In other words, the single register of LTL% (X, U) is simulated by a first-order

variable. More specifically, given an LTLf(x, U) formula ¢, FreezeToFO(¢) replaces: (i) each atomic formula p of ¢ with
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Keyp, (ii) each subformula |1y of ¢ with 3x.Val(x) A FreezeToFO(y), and (iii) each atomic formula 11 of ¢ with Val(x).2
For example, the formula ¢ex = |1 XG(a D —11), stating that the data values assigned to the key proposition a at posi-
tions greater than one are all different from the value present in the initial position of the data word, is translated into
FreezeToFO(¢ex) = 3x.Val(x) A X G(Key, D —Val(x)).

Finally to recast validity as verification, we start by noticing that, from the semantics of the two logics LTL%(X, U) and

LTL-FOq4, one can directly show that for every LTLf(x, U) formula ¢, ¢ holds over an infinite data word if and only if
FreezeToFO(¢) holds over an infinite run of T, provided that the initial state qg is skipped. Consequently, we obtain that ¢
is valid if and only if T =1 X FreezeToFO(¢). O

7. Bounded situation calculus action theories

In this section, we show how the results obtained in the previous sections find application in the context of bounded
situation calculus action theories. The situation calculus [31,36] is a logical language for representing and reasoning about dy-
namic worlds. The language has terms of three sorts, namely objects, actions, and situations: objects represent entities in the
domain of interest, other than actions and situations; actions model events that trigger changes in the world; and situations
represent world histories, i.e., sequences of actions applied in the situation resulting from previous applications. Situations
are built through the function symbol do, with do(a, s) denoting the successor situation resulting from the execution of
action a in situation s. The constant Sp denotes the initial situation where no action has been performed. We assume to
have countably infinitely many object constants, on which the unique name assumption (UNA) is enforced. However, we do
not assume domain closure for objects.

Predicates and functions whose value depends on the situation are called fluents. These are denoted by symbols that take
a situation term as last argument (e.g., Holding(x, s), meaning that the robot is holding object x in situation s). Without loss
of generality, we assume that there are no functions other than constants and no non-fluent predicates. We denote fluents
by F and the finite set of primitive fluents by F. The arguments of fluents, apart from the last one which is of sort situation,
are of sort object. Also, we consider a finite number of action types, each of which takes a tuple of objects as arguments.

Using the situation calculus, one can formulate action theories describing how the world changes as a result of actions.
A well studied class of such theories are basic action theories [36]. A basic action theory D is the union of the following
disjoint sets of first-order (FO) and second-order (SO) axioms:

e Dy: (FO) initial situation description axioms describing the initial configuration of the world (such a description may be
complete or incomplete);
o Dposs: (FO) precondition axioms of the form

Poss(A(X), s) = ¢a(X, s),

one per action type, stating the conditions ¢4 (X, s) under which an action A(X) can be legally performed in situation
s; these axioms use the special predicate Poss(a, s), expressing that action a is executable in situation s; ¢a (X, s) is a
formula of the situation calculus that is uniform in situation s, that is, a formula mentioning neither any situation term
but s, nor Poss (see [36] for a formal definition);

o Dy, (FO) successor state axioms of the form

F(x,do(a, s)) = ¢r(X,qa,s),

one per fluent F, describing how fluent F changes when action a is executed in situation s; the right-hand side (RHS)
of the axiom, i.e., ¢r (X, a,s) is, again, a situation calculus formula uniform in s;

o D¢q: (FO) unique name axioms for actions and (FO) domain closure on action types;

e Dyno: (FO) unique name axioms for object constants;

e X: (SO) foundational, domain independent, axioms of the situation calculus [36].

We say that a situation s is executable, if every action performed in reaching s is executable in the situation in which it is
performed. We denote by C the set of constants explicitly mentioned in the initial situation description or in precondition or
successor state axioms. For simplicity, and without loss of generality, we assume that all constants in C appear in the initial
situation description. Notice that these are the constants we actually predicate on (while on the others we only predicate
existence and unique name assumption).

Bounded action theories A situation calculus (basic) action theory D is bounded if, for a given natural number n, at every
executable situation, the number of distinct object tuples occurring in the extension of each fluent of D is at most n. Thus,
the interpretation of a fluent at every situation does not use more than n distinct tuples, though these can change from
situation to situation and collectively be infinitely many [20,21]. For convenience, with a little abuse of notation, we say

8 Notice that the formula produced by FreezeToFO is indeed an LTL-Fo, formula, since 3x.Val(x) A ¥ implies 3x.LIVE(x) A W.
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that an action theory is bounded by b when in each situation the number of objects occurring in the extension of all fluents
is at most b. Notice that, when D is bounded by b, we have that a value for the bound n is given by |F|-b¥, where k is the
maximal arity of fluents.

Example 4 (Avid Reader). A prototypical example of boundedness is provided by a bookshelf. An agent is an avid reader and

has a bookshelf of a given size. He acquires books, puts them in the bookshelf, reads them, and then puts them back in

the bookshelf or gives them away. The available space in the bookshelf is given in units and each book consumes a certain

number of units (e.g., one for simplicity). The reader cannot acquire a book if there is not enough space in the bookshelf.
The possible actions are the following:

e acquire(book). Pre: book not already in the bookshelf, space available in the bookshelf. Post: book in the bookshelf and
one less unit available in the bookshelf.

o read(book). Pre: book in the bookshelf. Post: book in the hand of the avid reader, book not in the bookshelf.

e store(book). Pre: book in the hand of the avid reader, space available in the bookshelf. Post: book in the bookshelf and
one less unit available in the bookshelf.

e discard(book). Pre: book in the hand of the avid reader. Post: book not in the hand of the avid reader and not in the
bookshelf.

It is easy to write explicitly precondition and successor state axioms, which we omit for sake of brevity. It is also easy to
see that the resulting action theory is indeed bounded. [ ]

Transition systems induced by situation calculus models When focusing on verification of temporal properties we do not need
to deal directly with full action theory models, since both actions and situations (both of which do not appear explicitly in
the formulas to verify) can essentially be disregarded [20,21]. Among the various TSs, we are interested in those induced by
models of the situation calculus action theory D. Consider a model M of D with object domain A° and situation domain
S. Given a situation s, we can associate to s a first-order interpretation Zy (s) = (A, Iy, where: (i) for every c € C, cL=cM
and (ii) for every (situation-suppressed) fluent F of D, FZ ={d | (d, s) € FM}. Then, we can define the TS induced by M as
the labeled TS Ty = (A, Q, qo, Z, —) such that:

e Q =S is the set of possible states, each corresponding to a distinct executable situation in S;
e go=S) € Q is the initial state, with S} the initial situation of D;
e —> C Q x Q is the transition relation such that ¢ — q’ iff there exists some action a such that (a,q) € PossM and
M
q'=do” (a,q).

e 7:Qr Intf’c is the labeling function associating to each state (situation) g the interpretation Z(q) = Zy (q).

The TS induced by a model M is essentially the tree of executable situations, with each situation labeled by an interpretation
of fluents (and constants), corresponding to the interpretation that M associates to that situation. Notice that transitions do
not carry any information about the corresponding triggering action. As expected, we have that situation calculus action
theories give rise to generic TSs.

Theorem 19. For every model M of a situation calculus action theory D, the generated TS Ty is generic.
Proof. By construction of Ty. O
Moreover, we have that bounded situation calculus action theories give rise to TSs that are also state-bounded.

Theorem 20. For every model M of a situation calculus action theory D bounded by b, the generated TS Ty is state-bounded, with
each state bounded by b.

Proof. Follows directly from the definition of action theory bounded by b. O

Verification of bounded action theories We show that given a bounded situation calculus action theory with infinite object
domain, there exists a new action theory with finite object domain, that preserves p-bisimilarity between the TSs of the
respective models of the theories.

9 Note that A is infinite for the theories we are considering, since we have assumed that they include infinitely many constants with UNA.
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Theorem 21. Let D be a situation calculus action theory bounded by b, Dyno the part of D stating the existence, with unique name
assumption, of infinitely many constants, and n the maximum among the number of variables occurring in the precondition and
successor state axioms of D. Let C' be a finite set of constants such that C € C’' and |C’| > b + n. Define the theory D' = (D \ Dyno) U
D.., D, , where:

uno dc’
/ / —
Duno /\c c'eC,c,c distinct € 7é ¢ } Ddc - {VX' \/CEC’ X= C}'

Then, for every model M of D, there is a model M’ of D', such that Ty ~P Ty. Similarly, for every model M’ of D’ there is a model M
of D, such that Ty ~P Tpy.

Proof. Let M be a model of D with (infinite) domain A. The model M’ can be obtained by fixing a (finite) domain A’ C A,
with cardinality |C’|, that includes the interpretation of the constants in C, and taking the interpretation of the initial situ-
ation so that Zj(So) = Zyy (So). Observe that once the interpretation of the initial situation is fixed, M’ is fully determined
by D'. Then, consider Ty and Ty and build the relation R = {(q, h, ¢} | Z(q) ~» Z'(q’)}. The proof consists in showing that
R is a p-bisimulation such that (qo, ho, q;) € R, for ho the identity on adom(Z(qo)). To this end, let (g, h,r) € R and consider
the definition of p-bisimulation.

Obviously, requirement 1 of the definition is trivially satisfied, by the definition of R. As to requirements 2 and 3, we
will use the following known results:

1. Any possibly open situation calculus first-order formula ¢ (X,s) with variables X and s of object and situation sort,
respectively, can be rewritten as a formula ¢’ where action terms do not occur, such that ¢ and ¢’ are equivalent with
respect to D¢q [21, Theorem 5].

2. Evaluating a possibly open situation calculus formula ¢ uniform in s against a model M and a situation s is equivalent
to evaluating the situation-suppressed version of ¢ against Zy(s), under the same assignment to free variables [21,
Theorem 7].

3. Given a model M of a bounded action theory, an executable situation s, and a ground action a = AM(6) (of type A(¥)),
for every fluent F, there exists a situation-suppressed action-term-free formula ¢ = ¢ (&, ), such that (p, do™(a,s)) €
FM iff Ty (s), v = ¢ (X, y), with v(X) = p and v(X) = 0. In words, the interpretation of a fluent F in M, after the
execution of action a at situation s, can be obtained as the answer to a suitable query ¢(X,y) over Zy(s), with y
assigned to 0.

Let ¢’ € Q be such that ¢ — ¢'. By the definition of induced TS, it follows that there exists a (ground) action a, say a =
AM(5), such that (a, q) € Poss and q' = doM(a, q). To prove requirement 2a of the definition of bisimulation, we next show
that there exists also an action a’ such that (a’,r) € PossM’. This, by definition of induced TS, implies that there exists a state
r’ € Q’, namely the situation ' = do™’ (@,r), such that r =’ 1.

Recall that precondition axioms have the form Poss(A(X),S) = ¢a (X, s), where we can assume, by result 1 above, ¢4
not containing action terms (if not, ¢4 can be rewritten). Because (a, q) € Poss¥, we have that M, v = ¢a (%, s), for v such
that v(s) =q and v(x) = 0. Consequently, by result 2, Zy(q), v = ¢a(X), for ¢4(X) the situation-suppressed version of
dg,q(?(, s). Then, since |A| > |adom(Zy(q))| + |vars(¢)| (as A is infinite and D bounded by b), by Lemma 13, we have that
ID @,vE=d¢), for D, = IMG(V|ﬁee(¢A)) and ¢/, the domain-independent version of ¢4. Now, observe that the definition of

R 1mplles that, for some h, Z(q) ~, Z'(r), thus, since Z(q) = Zn(q), it follows that Zy(q) ~, Z'(r). Consider the valuation
v =hov, for h any bijection extending h to 0 (notice that only the values assigned to X are relevant, thus v’ can be
undefined on the other varlables) Such an h exists by the boundedness of D and the cardinality constraint on A’. Also,
it can be easily seen that I (@) ~; /Dy (r), for Dy = IMG(V'[free(p,))- Thus, by the invariance of first-order logic under
isomorphic interpretations, we have that I'Pvr), v = o

Now, since by definition of induced TS we have Z’(r) = Zyy (r), which implies 7@ :fM/ (r), it follows that fD,V' n,v e
¢}, Finally, observe that, by D,, and D(’k, [A'| = |C'| > b + n, and, because Z'(r) ~ Z(q) and D is bounded by b,
ladom(Zyy (r))| < b. Thus, by Lemma 13, I "),V = ¢, implies that Zyy (r), v’ = ¢/, which, by result 2, implies that
M, w k= ¢a(R,s), for w the extension of v’ to s such that w(s) =r. Therefore, a’ = =AM (p), with p = w(X), is an action such
that (a’, r) € PossM

For requlrement 2b, recall that successor-state axioms have the form F(y,do(act,s)) = ¢r(y, act,s), with ¢p uniform
in s. Thus, for act assigned to a = AM(3) as above, we have that ¢r (¥, act,s) is equivalent to ¢r(y, A(X), s). This, by re-
sult 1, can be rewritten as an action-term-free formula ¢ra(y,X, s), hence the successor-state axioms can be rewritten as
F(y,do(A(X),s)) = ¢ra(¥, X, s). Hence, by result 2, the interpretation Zy(q') can be obtained by evaluating, for every fluent
F, the situation-suppressed version of ¢ra (¥, X, s), i.e., ¢ra (¥, X), against the (FO) interpretation Zy;(q), with X assigned to 0.
Then, because Z(q) = Zy(q) and Z(¢') =Zm(q'), we can obtain Z(q') by evaluating each ¢ra(y,X) against Z(q), with X as-
signed to 0. By an analogous argument, for a’ = AM (p) assigned to act, Z'(r’) can be obtained by evaluating each ¢ra (¥, X),
against Z'(r), with X assigned to p.

Let gb’FA(j/,?c) be the domain-independent version of ¢ra(y,X). By Lemma 13, for every assignment u, we have that
Z(Q), u = ¢pra(y, %) iff ZPu(q),u = ¢f (9, %), for Dy = IMG(Ulfree(gyy))- Now, observe that, since D is bounded, so is
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adom(Z(q')). This, together with the fact that A is infinite, can be shown to imply that adom(Z(q’)) contains only
objects from adom(Z(q)) U 6 (otherwise adom(Z(q’)) would be infinite, see [21, Theorem 10]). The same holds for
adom(Z' (")), which contains only objects from adom(Z'(r)) U p. Therefore, by fixing a bijection h between adom(Z(q)) U 0
and adom(Z(r)) U p (this exists by the boundedness of D and the cardinality constraint on A’), since Z(q) ~, Z'(r) and by
the invariance of first-order with respect to isomorphism, we have that, for every assignment u, ZPu(q), u = ¢’FA()7,?<) iff
f/Du’ .U =g, (y,%), for v’ = hou and Dy = IMG(U' |free(gr4))- But then, we have that () ™~ hldomza'y 7'(r'), therefore
adom(Z(q’

(@', hladom(z(g)>T') € R. The proof for requirement 3 follows a similar argument.

Finally, given a model M’ of D', the corresponding M can be obtained in the same way as above. Also the fact that
Ty ~P Ty can be shown in the same way. O

As expected, TSs induced by models of finite-state action theories can be made finite.

Theorem 22. Let D’ be a (bounded) situation calculus action theory defined as in Theorem 21, for some finite C'. Then, for every model
M’ of D’ with (finite) object domain A, the corresponding induced TS Ty is p-bisimilar to a TS Tr that is generic, finite-state, and
effectively computable from D', Ty (Sp), and A'.

Proof. We prove the result by providing an algorithm to compute Tr = (Af, Qf, qro, —F, Zr). We set Ap = A’, and Zf as
the identity function, and we initialize qr, = Zy' (So), QF = {qFo}, and — = @. Then, starting with g = qrg, we consider all
actions a that, in M’, are executable in those situations s such that Z,; (s) = q. This requires evaluating only the (situation-
suppressed) precondition axiom of a against Z(q). Notice that since Af is finite, there are only finitely many actions. For
every a, we then compute the interpretation of situation s’ = do™’ (a, s), for s as above. To this end, it is enough to evaluate
the (situation-suppressed) right-hand side of each successor-state axiom against q (i.e., Zyy (s), for s as above), with the ac-
tion assigned to a, thus producing a new interpretation g’ = Zyy (s’). Observe that the finiteness of Ar guarantees that both
precondition and successor-state axioms can be effectively evaluated. Then, if not already present, we add the obtained ¢’ to
Qr, and let ¢ —F ¢'. Finally, we iterate these steps on the newly added states, until no new states are added. Termination
is an obvious consequence of Af’s finiteness, which implies that only finitely many states can be a added to Q. Genericity
is a consequence of the fact that the interpretation of states is obtained by answering first-order queries, which are unable
to distinguish objects outside the active domain. O

With these results in place we can prove that if we are given a model M of D, then checking whether Ty = @ is
decidable. That is, we have decidability in case of complete information on the initial situation. In fact, we can extend this
result to deal with verification in presence of incomplete information. We write D |= @ if Ty = ®, for every model M of D.

Theorem 23. Let D be a situation calculus bounded action theory (with infinite object domain) and ® a closed L formula with all
variables renamed apart and belonging to a finite set Vars. Then, it is decidable to check whether D = .

Proof. Given D, let D’ be an action theory as in Theorem 21, with |C’'| = 2b + m, for m the maximum between |Vars| and
the maximum number of variables occurring in the action precondition and successor-state axioms of D (n of Theorem 21).
By Theorem 21, every model M of D with infinite object domain A, has a corresponding p-bisimilar model M’ of D’
with finite object domain A’ of size |C’|, and vice-versa. Thus, by Theorem 12, for corresponding M and M’, we have that
Ty = @ iff Ty = ®. Hence, since by Theorem 21, the models of D’ “cover” those of D and vice-versa, it follows that
D k= @ iff D' = ®. Finally, decidability is easily obtained by observing that the models M’ of D’ are finitely many, up to
object renaming, and that by Theorem 22, it follows that checking whether T); = @ is decidable. O

We can strengthen this result to get an ExpTiME-complete characterization of the problem of checking whether D & @,
as in the special case of uL, [21]. Analogously to [21], we assume that the maximum number of distinct objects present in
the state of each situation dominates the input size of the action theory D, and that there exists a bound on the maximum
arity of fluents.

Since the problem is EXPTIME-hard already for uL, [21], we need to focus on EXPTIME membership only. To this end,
consider the procedure used in the proof of Theorem 23, together with the following observations. First, the theory D’ is
essentially propositional (the object domain is finite), thus admits only an exponential number of distinct models, i.e., the
number of possible initial situations, which are exponentially many with respect to b (as arities are bounded). Second, each
model has a number of states that is at most exponential with respect to b (for the same reason as above). Finally, the
complexity of p-calculus model checking is polynomial with respect to the size of the input TS and exponential in the
maximal number of nested fixpoints in the formula. Note that when we propositionalize the formula, although it may grow
exponentially in the number of nested quantifiers, the maximal number of nested fixpoints does not change. Hence we can
check each model in exponential time and we need to check only exponentially many models. We thus obtain the following
result.
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Theorem 24. Given a situation-calculus bounded action theory D and a wL formula ®, checking whether D = ® is an EXPTIME-
complete problem.

Finally, by exploiting the undecidability result on first-order LTL (Theorem 18), we show that verification for LTL-FO,
over bounded situation calculus action theories is also undecidable. Following the notation above, given a situation calculus
action theory D and an LTL-FO, formula ®, we define D 1 @ if Ty =i, @ for every model M of D. Given D and &, the
linear-time verification problem amounts to check whether D =1 .

Theorem 25. There exists a situation calculus bounded action theory (with infinite object domain) D for which the linear-time verifi-
cation problem against LTL-FO, formulas is undecidable.

Proof. We construct a situation calculus bounded action theory (with infinite object domain A) D using as fluents the
predicates introduced in the proof of Theorem 18. In particular, given a finite set X of key propositions, we employ the
following situation-suppressed fluents: Key,/0 for p € ¥, and Val/1. In particular, D contains |X| 1-parameter actions
GuessValp,,, one per key proposition in X. Each such actions is always executable, makes its corresponding key proposition
true, and guesses the next value. Technically, for every i € {1, ..., |X|}, the (extremely simple) successor state axioms are:

e Key, (do(a, s)) = (a = GuessValp, (x)) - for the fluents Key,,,
e Val(x, do(a, s)) = (a = GuessValp, (x)) - for the fluent Val.

It is easy to see that the runs produced by D closely match with those present in the TS T used in the proof of Theorem 18.
In particular, there exists a model M’ for D for which Ty = T. For such choice, from Theorem 18 we obtain immediately
that linear-time verification is undecidable over Ty . Since D =i @ if Ty . @ for every possible model M (including
M), also checking whether D =, ® is undecidable in general. O

8. Conclusions

In this paper we have studied first-order p-calculus with quantification across states, in the three main variants pro-
posed in literature. We have seen that the three corresponding notions of bisimulation collapse for the class of generic
transition systems, which includes all transition systems generated by formalisms for reasoning about actions based on
first-order representation of states, and logical mechanisms to generate the successor state from the current, in particular
the situation calculus. From this, we have derived decidability of verification for L over state-bounded transition systems
and over bounded situation calculus action theories. These results contrast with verification for first-order LTL, which is
instead undecidable.

This work opens several research avenues. An important extension consists in considering object domains with embedded
predefined types, such as naturals or rationals with controlled operators and predicates [29]. In these cases, the difficulty
arises from the fact that predicates can be infinite but must be considered part of the state, which yields unbounded
states and calls for some form of quantifier elimination on objects of the embedded types. Related work dealing with
such predicates include [35], in the context of situation calculus action theories, and [12,19], in the context of data-centric
services.

Also, we observe that our decidability result for w£ verification on bounded transition systems relies on a notion of
abstraction [15,7]. In particular, our abstraction is faithful for all formulas with a given number of object variables. For
future work, it is also of interest to consider forms of abstraction that are weaker, i.e., that are faithful with respect to
specific formulas only, or even abstraction that are only sound or only complete, in order to decrease the size of the
abstract transition system.

Finally, we mention that we are relying on the techniques presented in this work as the foundational basis for the
development of actual model checking tools for data-aware processes. In particular, we are exploiting relational technology
to compute faithful, finite abstractions for generic, state-bounded data-aware processes. Preliminary results are discussed in
[14]. Interestingly, such abstraction techniques do not only apply to bounded situation calculus action theories, but also to
a number of other formal models for data-aware processes, such as [3,2,9,33].
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