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Abstract. Petri nets with name creation and management have been recently
introduced so as to make Petri nets able to model the dynamics of (distributed)
systems equipped with channels, cyphering keys, or computing boundaries. While
traditional formal properties such as boundedness, coverability, and reachability,
have been thoroughly studied for this class of Petri nets, formal verification against
rich temporal properties has not been investigated so far. In this paper, we attack
this verification problem. We introduce sophisticated variants of first-order p-
calculus to specify rich properties that simultaneously account for the system
dynamics and the names present in its states. We then analyse the (un)decidability
boundaries for the verification of such logics, by considering different notions of
boundedness. Notably, our decidability results are obtained via a translation to data-
centric dynamic systems, a recently devised framework for the formal specification
and verification of business processes working over relational database with
constraints. In this light, our results contribute to the cross-fertilization between
areas that have not been extensively related so far.

1 Introduction

Verifying the correctness of distributed systems, such as interacting web services, requires
not only to check whether distributed components interoperate with each other in terms
of their control- and message-flow, but also to consider the information they exchange. In
the Petri net literature, several variants of colored nets have been thoroughly studied in the
last decade so as to enrich classical P/T nets with information that go beyond the control-
flow dimension. A notable class of colored Petri nets is constituted by v-PNs [9110],
which are Petri nets with name creation and management. v-PNs have been recently
introduced so as to make Petri nets able to model the dynamics of (distributed) systems
equipped with channels, cyphering keys, or computing boundaries [[10]. Interestingly,
variants of v-PNs have been also investigated to express and verify message correlation
for interacting web services [3].

At the same time, the field of database theory has produced a flourishing literature on
the verification of database-driven dynamic systems and data-aware business processes
[4]. In particular, the framework of data-centric dynamic systems (DCDSs for short) has
been recently devised as a rich framework for the formal specification and verification
of business processes working over full-fledged relational database with constraints [2].

While traditional formal properties such as boundedness, coverability, and reachabil-
ity, have been extensively studied for v-PNs, formal verification against rich temporal
properties has instead not been investigated so far. The aim of this paper is to attack
this verification problem, taking advantage from the interesting decidability results ob-
tained for DCDSs [2]]. Specifically we introduce two sophisticated variants of first-order
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p-calculus to specify rich temporal properties that simultaneously account for the dy-
namics of v-PNs and relate the names present in their states. We then characterise the
(un)decidability boundaries for the verification of such logics over v-PNs, by considering
different notions of boundedness on the used names, on the amount of repetitions of the
same name, and combinations of these two dimensions. Notably, the key decidability
results obtained in this paper are obtained via a translation from v-PNs to DCDSs that
can provide the basis for the systematic transfer of (un)decidability and complexity
results between variants of colored Petri nets and DCDSs.

2 v-Petri Nets

v-Petri nets (v-PNs for short) are an extension of P/T nets [8] with pure name creation
and management [9/10]. In a v-PN, each token carries a name. Fresh names can be
dynamically created, and transitions may impose matching restrictions on token names
to fire. We briefly introduce v-PNs, following the formulation in [[10].

In the remainder of the paper, we consider the standard notion of multiset. Given a
set A, the set of finite multisets over A, written A®, is the set of mappings of the form
m : A — N. Given a multiset S € A® and an element a € A, S(a) € N denotes the
number of times a appears in S. Given ¢ € A and n € N, we write " € S if S(a) = n.
The support of S is the set of elements that appear in S at least once: supp(S) = {a €
A | S(a) > 0}. We also consider the usual operations on multisets: given Sy, S € A?,
we have: (i) S1 C Sy (resp., S1 C So) if, for each a € A, Si(a) < Sa(a) (resp.,
Si(a) < Sz(a)); (i) S1+S2 = {a" | a € Aand n = S1(a) + Sa2(a)}; (iii) if S; C Ss,
So— 81 ={a"|a€ Aandn = S3(a) — S2(a)}.

Name management in -PNs is formalized by adding to ordinary tokens also a special
form of colored tokens, each one carrying a name taken from a countably, unordered
infinite set /d of names. In order to define behaviors that are affected not only by
the presence of tokens in certain places, but also by the names they carry, all arcs in
the net are labelled with matching variables, taken from a countably infinite set Var.
Furthermore, to model the ability of an arc to create fresh names upon firing, a special
subset 1~ C Var of variables is introduced, with the constraint that a variable v € 7"
can only match with a fresh name, that is, a name not currently present in the net. To
preserve usual P/T net notation in v — P N’s, black, uncolored tokens are considered,
by simply assuming that a special name e € Id is used for them. We correspondingly
introduce a special variable € € Var, which only matches with black tokens. We have
now all the ingredients to formally introduce v-PNs and their execution semantics.

Definition 1. A v-PN is atuple N = (P, T, F'), where: (i) P is a finite set of places;
(ii) T is a finite set of transitions, disjoint from P; (iii) F : (P x T)U (T x P) — Var®
is a flow relation, s.t., for every t € T, we have Y’ Npre(t) = 0 and post(t)\ T C pre(t),
where pre(t) = U, p supp(F(p,t)) and post(t) = U, p supp(F'(t,p)). ]

The first condition for the flow relation indicates that new name variables cannot be
associated to arcs that go from a place to a transition; in fact, by definition, a variable
in 7" cannot match with any name present in the net. The second condition expresses
instead that arcs that go from a transition ¢ to a place can be decorated with fresh name
variables and/or variables that appear in one of the incoming arcs pointing to ¢; the
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former case denotes the ability of ¢ of generating new names upon firing, whereas the
latter case models the matching between names of tokens consumed by ¢ with names of
tokens produced by ¢ upon firing.

The usual notion of marking in Petri nets is suitably extended for v-PNs so as to
assign a name to each of the tokens present in the net.

Definition 2. Given a v-PN N = (P, T, F'), a marking m over N is a function m :
P — Id®. A marked v-PN N is a tuple (P, T, F,m), where N = (P, T, F) is a v-PN,
and m is a marking over N. ]

Given a place p € P, m(p) denotes the multiset of names assigned by m to p, and
Id(m) denotes the overall set of names present in m: Id(m) = U, p supp(m(p)).
Furthermore, given a place p € P and a name a € Id, m(p)(a) denotes the number if
times a is assigned by m to p. Let us now discuss how the standard notion of firing in P/T
nets is suitably extended to deal with names in v-PN. Similarly to any class of colored
Petri nets, the firing of a transition ¢ € T is defined w.r.t. a mode o : Var(t) — Id,
where Var(t) = pre(t) U post(t). Intuitively, o assigns a specific name to each of the
variables that annotate the input or output arcs of ¢t. However, to properly fire ¢, the mode
o must satisfy the different matching conditions expressed by new name variables and
by variables that are repeated in the input and output transitions of £.

Definition 3. Consider a v-PN N = (P, T, F'), a transition ¢t € T, a marking m over
N, and a mode o for t. We say that ¢ is enabled in m with mode o , written m|[t, o), if:
(i) the mode agrees with the distribution of named tokens in m, i.e., o (F(p,t)) € m(p)
for every p € P; (ii) the mode assigns fresh names to the new name variables attached
to the output arcs of ¢, i.e., o(v) € Id(M) forevery v € T N Var(t).

An enabled transition can fire. In particular, given two markings m and m’ over N, a
transition ¢ € T, and a mode o for ¢, we say that ¢ fires with mode o in m producing m/,
written m[t, oym’ if: (i) ¢ is enabled in m with mode o; (ii) m’ is such that for every
p € P, wehave m'(p) = (m(p) — o(F(p,1))) + o (F(t,p)). u

Execution Semantics. Starting from an initial marking, we define the execution seman-
tics of a v-PN N in terms of a possibly infinite-state transition system, whose states are
labeled by reachable markings, and where each transition corresponds to the firing of a
transition in N. Notice that the definition is different from the definition of reachability
graph given in [10], in which a sort of name abstraction procedure (called a-equivalence
in [10]) is applied while computing the reachable markings. As we will see in Section 3]
applying a-equivalence when constructing the execution semantics of a v-PN leads to a
transition system that, in general, does not faithfully reproduce the behaviors of the net
when it comes to verification of temporal properties that relate names over time.
Formally, the execution semantics of a marked v-PN N = (P, T, F, m,) is defined
in terms of a transition system Iy = (M, mg, —), where:
— M is a (possibly infinite) set of markings over V.
- -C M x T x M is a T-labelled transition relation between pairs of markings.
— M and — are defined by simultaneous induction as the smallest sets satisfying the
following conditions: (i) mg € M; (ii) if m € M, then for every transition t € T,

. t
mode o and marking m’ over N s.t. m[t,o)m’, we have m’ € M and m — m/.
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Fig. 1: A v-PN that is width- and depth-bounded but not run-bounded.

A run T over I is a possibly infinite sequence of markings mg, my, --- where, for
. . t
every m;, m;41 in 7, there exists ¢t € T' s.t. m; — my41.

Forms of Boundedness. Given a marked v-PN N, Iy could be infinite-state for differ-
ent reasons: (i) width-unboundedness [10], i.e., accumulation of an unbounded number
of different names in a state; (ii) depth-unboundedness [10], i.e., accumulation of an
unbounded amount of tokens with the same name; (iii) run-unboundedness, i.e., presence
of unboundedly many names along a run of I%; (iv) a combination of these conditions.
We formally introduce the three corresponding notions of boundedness, and then relate
them with the previous literature on v-PNs.

Definition 4. A marked v-PN N = (P,T,F,mg) with transition system Iy =
(M, mg, —) is:
— width-bounded if there is n € N s.t., for each m € M, we have |Id(m)| < n;
— depth-bounded if there is n € N s.t., for each m € M, place p € P, and name
a € Id, we have m(p)(a) < n;

— run-bounded if there is n € N s.t., for every (possibly infinite) run 7 over Iy, we
have [, - [d(m)| < n. n
Lemma 1. Ifmarked v-PN is run-bounded, then it is width-bounded and depth-bounded.
Proof. Immediate from Definition 4] a

The converse implication does not hold: as witnessed by the following example,
there are v-PN that are width-bounded and depth-bounded, but not run-bounded. In this
light, It is important to observe that in the original formulation of v-PN reachability
graph [10]], run-unboundedness does not appear as a source of unboundedness, due to
a-equivalence. However, what the authors call boundedness in [[10] does not imply that
I is finite-state, because it could still be run-unbounded.

Example 1. Consider the marked v-PN in Fig. E} The net is width- and depth-bounded: each
marking in its transition system contains exactly one token. However, it is not run-bounded: there
is an infinite run in which no name is repeated twice. u

With the refined execution semantics we consider here, what is called boundedness
in [10] corresponds in fact to the following notion of boundedness, which intuitively
states that the amount of tokens present in each marking (and thus the corresponding set
of names) is bounded.

Definition 5. A marked v-PN N = (P,T,F,mg) with transition system Iy =
(M, mg,—) is state-bounded if there is n € N s.t,, for each m € M, we have

> pepacia™@)(a) <y .
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The following results reconstruct those in [[L0] by considering the notion of state
boundedness as defined here.

Lemma 2. A marked v-PN is state-bounded if and only if it is width-bounded and
depth-bounded.

Proof. Immediate from Definitions 5| and 4] O

Lemma 3. A marked v-PN is state-bounded if and only if its reachability graph, as
defined in [10], is bounded.

Proof. Immediate from Lemma and Proposition 6 in [[10]. O
Theorem 6. Checking whether a marked v-PN is state-bounded is decidable.

Proof. Immediate from Lemma [3|and Proposition 3 in [10]. a

3 Verification of ~-PNs

We now consider formal verification of v-PNs. To specify temporal properties of interest,
the logic of choice must provide support for: (i) temporal modalities to predicate over
the dynamics of the net; (ii) first-order (FO) local queries to predicate over the local
states of the system, i.e., over markings; (iii) FO quantification across states, so as to
allow one to relate names and places in different moments of the system evolution.

To support such fundamental requirements, we resort to a Petri net-variant of the
pL 4 logic defined in [2]. We call this logic pLY . Intuitively, uL% allows for complex
temporal formulae based on the p-calculus, virtually the most expressive temporal logic
used in verification, and for local queries inspecting the number of names present in the
different places.

Definition 7. Given a marked v-PN N = (P, T, F,mg), a uL% formula & over N is
defined as:

& =true| Z|[#p < ]| [#p(z) < |z =y|P1 APz | ~¥ | T2x.LIVE(x) ANV | D | uZ.¥

where p € P, ¢ € N, z is either a variable or a constant name from Id(mg) U {e},
and Z is a second order predicate variable of arity 0. We make use of the following
abbreviations: [#p ® c| and [#p(z) ® ], where ® € {>,>,=,<}; Vz.LIVE(z) —
U = —(32.LIVE(z) A ~0); oV Py = (=P A =Ds); [HY = =), vZ.¥ =
—|,U,.—J’ [Z/—|Z]. L

The intuitive meaning of such formulae is: (i) [#p < ] is true if the overall amount of
tokens in p does not exceed ¢; (ii) [#p(z) < ¢ is true if the overall amount of tokens in
p that match name = does not exceed c; (iii) LIVE(x) is true if name z is present in the
current marking; (iv) ()W is true if there exists a successor marking in which ¥ holds;
(v) HY is true if in all successor markings, ¥ holds; (vi) uZ.¥ and vZ.¥ respectively
represent the least and greatest fixpoint operator. As usual in the p-calculus, for fixpoints
we require the syntactic monotonicity of ¥ w.r.t. Z, that is, every occurrence of the
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HTHVU—E
1z HvU—V( )
II[#p < C]HVU ={m e X|m(p) < c}
l[[#p(z) < C]va ={m € X|m(p)(av) < c}
[|ILIVE(z )HVU ={me€ X |z/d € vimpliesd € Id(m)}
||:r—y\|vl,—{mGE|x/d€v1fandonly1fy/d€v}
||®1 /\452va = (|11, HH% o
HﬁFHvU = X\HFHVv
HHiU@va ={meX|3acldst.me H@’va/a}
QBN = {me ¥ |3m' € Tst.m —m' andm’ € [|®]|,}
I0ZBILY = Y C 2 [ 1817,y € Y}

Fig. 2: Semantics of L1

variable Z in ¥ must be within the scope of an even number of negation signs. This
guarantees that the least and greatest fixpoints always exist.

Formally, a £ formula @ over N = (P, T, F, my) is interpreted over the transition
system Iz = (X, mg, —). Since @ can contain both individual and predicate free
variables, we introduce an individual variable valuation v mapping individual variables
x to names in Id, and a predicate variable valuation V' mapping predicate variables Z
to subsets of .. The semantics of MLN formulae is then defined through an extension

function ||-| | that maps formulae to subsets of . The extension function is inductively
defined as shown in Fig. 2]

When @ is a closed formula, its valuation does not depend neither on V' nor v. Hence,
we denote the extension of @ by simply using ||®||~. Given a closed L%} property &
and a marked v-PN N = (P, T, F,my), we say that N verifies ®, written N = &, if
mo € ||2||'~.

Example 2. Formula &, = vZ.(Vx.[#p(z) = 1] — vY.~LIVE(z) A (YY) A[HZ holds in the
v-PN of Fig.[T] ®4 expresses that it is always the case that, whenever place p contains exactly one
token named x, then there exists an ongoing run in which x never reappears. Notice that, although
LIVE is not explicitly used in ®g, it is a L% formula, because [#p(x) = 1] implies LIVE(z). B

We observe that there cannot be any finite-state representation of the transition system
for the v-PN in Fig. [1/in which the L% property in Ex. [2|holds. In fact, the net always
has a successor, and if the transition system is finite-state, infinite runs should sooner or
later go back visiting a marking that was visited before, violating the fact that there must
exist a run in which names never reappear. Since the v-PN of Fig. [I]is bounded in the
sense of [[10], its reachability graph is finite-state, hence it does not properly represent the
execution semantics of the v-PN when it comes to verification of L% properties. The
intuitive reason is that £} properties can “store” visited names inside a FO quantifier,
and check the presence or absence of such names in markings that are arbitrarily far
away from the state in which the quantifier was bound. Consequently, the name renaming
allowed by a-equivalence in [10] does not preserve uﬁg properties.
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4 Undecidability Results

We prove here two key undecidability results related to the verification of L properties
over v-PNs. This motivates the fine-grained study presented in Sec. [3}

Theorem 8. Verification of uﬁg properties over v-PNs is undecidable even when
Sformulae do not make use of FO quantification, and only employ a single, constant name.

Proof. Consider marked v-PNs that only use the special name e and the special variable
€. This class of v-PNs coincides with classical P/T nets. Now consider uﬁg properties
that do not make use of FO quantification, and whose local predicates only employ the
special name . This class of formulae resembles the propositional p-calculus whose
verification over P/T nets is shown to be undecidable in [7]]. O

One could wonder what happens when the considered v-PN obeys to some bounded-
ness criterion among those discussed in Sec. [2] The following negative result, however,
holds for the important class of state-bounded »-PNs.

Theorem 9. Verification of uﬁg properties over state-bounded v-PNs is undecidable.

Proof. The proof resembles the proof of Theorem 5.1 in [1], and is based on a reduction
from satisfiability of LTL with freeze quantifier over infinite data words, shown to be
undecidable in [6]], to verification of (linear-time) ,uﬁg properties over state-bounded
v-PNs. An infinite data word is an infinite sequence of pairs (o, d;), where o; is a label
taken from a finite set £, and d; is a datum taken from a countably infinite set D (which,
without loss of generality, we consider here to coincide with [ d)

The idea is to construct a “universal” v-PN whose transition system runs correspond
to all possible data words, and then reduce satisfiability to verification over such transition

system. Given a finite set £ = {o1,...,0,}, we construct the marked v-PN U£ =
(P, T, F,myg) as follows: (i) P = {po,Po,,---,Ps, }»i.€., P contains a starting place
po and one dedicated place for each o, € £; (ii) T = {to; | i € {1,...,n}} U {ti:j,tz; |
i,j € {1,...,n}}; (iii) mo assigns a single, black token e to pg; (iv) F is such that:
— for each transition to;, F'(po, to;) = 0 and F(to;, ps,) = {v'}; this models an initial
pure nondeterministic choice from pg, in which a fresh name is put in one of p,,.
— for each transition t7, F'(ps,, t;;) = F(t;, (ps,) = {x}; this models the situation
where a token currently present in p,, is moved into p, ,, maintaining its name.

— for each transition tzj-, F(po,, tfﬁ) = () and F(tfj, (Po;) = {v}; this models the
situation where a token present in p,, is moved into p,,, by changing its name.

Fig.[d]in the appendix shows the marked v-PN obtained by following this procedure

when £ = {01, 02}. We observe that UL is state-bounded: every marking in I3 assigns
a single token to one of the places, leaving all other places empty.
Now consider an LTL formula ¢ with freeze quantifier. We first apply the following
transformation rules to obtain a uLY formula ¢ :
— Temporal modalities in ¢ are expressed in their corresponding p-calculus form
(recall that p-calculus subsumes both CTL and LTL).
— Boolean connectives are maintained unaltered.

! For a detailed description of LTL with freeze quantifier, the interested reader can refer to [6]].
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— Each freeze-quantifier |, in ¢ corresponds to 3z, .LIVE(z,,) in ¢ .

— Each occurrence of 1,, in ¢ corresponds to LIVE(x,,) in ¢ .

— Each proposition o; € £ appearing in ¢ becomes [#p,, = 1] in pn.
For example, property |1 X(F(o1 —11)) becomes

21 .LIVE(21) A puZ.([#po, = 1] = LIVE(z1)) V HZ

We now take ¢ and we set @y = ()~ . Intuitively, (—) is applied to move one step
away from the initial marking, which does not correspond to a proper data word element.
It is now easy to see that an LTL formula ¢ with freeze quantifier is unsatisfiable over
infinite data words and labels £ if and only if /7« E oy. ad

5 Decidability of Verification

In this section, we provide the two key decidability results of this paper. We start
overviewing the salient features of DCDSs, and proposing a translation mechanism from
v-PNs to DCDSs, that is instrumental towards such decidability results.

5.1 Data-Centric Dynamic Systems

We recall the main aspects of Data-Centric Dynamic Systems (DCDSs) [2]. A DCDS
is a pair S = (D, P) where D is a data layer and P is a process layer. Both layers are
interacting as follows: the data layer stores all the data of interest, while the process
layer modifies and evolves such data.

Definition 10. A data layer is a tuple D = (C, R, £, ;) where:

e ( is a countably infinite set of constants/values;

e R = {Ry,...,R,} is a database schema, constituted by a finite set of relation
schemas;

e & is a finite set {&1, ..., &y } of equality constraints. Each &; has the form @Q; —
A 1,k R = yl-j where (@; is a domain independent FOL query over R using
constants from ADDM(IO whose free variables are , and z;; and y;; are either
variables in & or constants in ADOM(Z, )E];

e 7, is a database instance that represents the initial state of the data layer, which
conforms to the schema R and satisfies the constraints £: namely, for each constraint
Qi = Nj=1,_x #ij = yij and for each tuple (i.e., substitution for the free variables)
0 € ans(Q;, o), it holds that z;;6 = y;;0. n

The process layer constitutes the progression mechanism for the DCDS. It is assumed
that at every time the current instance of the data layer can be both arbitrarily queried
and updated (through action executions), possibly involving external service calls to get
new values from the environment.

% Instead of z;; = y;; we can also use z;; # yi; or L (forming a full denial constraint).

? Given a database instance Z, its active domain ADOM(Z) is the subset of C such that u € ADOM(Z)
if and only if u occurs in (Z).

* For convenience, and without loss of generality, we assume that all constants used inside
formulas appear in Zo
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Definition 11. A process layer P over a data layer D = (C, R, &, Zy) is a tuple P =
(F, A, p). F is a finite set of functions, each representing the interface to an external
service. Such services can be called, and as a result the function is activated and the
answer is produced. How the result is actually computed is unknown to the DCDS since
the services are indeed external.

A is a finite set of actions, whose execution updates the data layer, and may involve
external service calls. Formally, an action o € A is an expression a(p1,...,pn) :
{e1,...,em} where:

- a(p1,...,pn) is the action signature, constituted by a name « and a sequence
p1, ..., pn Of parameters, to be substituted with values when the action is invoked;

- {e1, ..., em}, also denoted as EFFECT(«), is a set of specifications of effects, which
are assumed to take place simultaneously. Each e; has the form ¢;” A Q; ~~ E;. The
formula qj A Q] is a query over R whose terms are variables, action parameters,

and constants from ADOM(Zy), where ¢ is a union of conjunctive queries, and Q;

is an arbitrary FOL formula whose free variables are among those of qj'. Intuitively,

q;" selects the tuples to instantiate the effect, and @; filters away some of them. F;

is the effect, i.e., a set of facts for R, which includes as terms the following: terms in

ADOM(Zy), free variables of qj and ); (including action parameters), and Skolem

terms formed by applying a function f € F to one of the previous kinds of terms.

Such Skolem terms involving functions represent external (nondeterministic) service

calls and are interpreted as the returned value chosen by an external user/environment

when executing the action.
Finally, p is a finite set of condition-action rules (of the form () — «, where o € A and
Q is a FOL queryE] over R) that form the specification of the overall process, which tells
at any moment which actions can be executed. ]

Execution semantics. The execution semantics of a DCDS S is defined in terms of
a possibly infinite transition system As whose states are labeled by databases. Such
a transition system represents all possible computations that the process layer can do
on the data layer. Formally, As = (A, R, X, so,db, =), where: (i) A is a countably
infinite set of values; (ii) X is a set of states; (iii) so € X' is the initial state; (iv) db is
a function such that for each state s € X returns a database D C A conforming to R;
(v) =C X x X is a transition relation over states.

Given a DCDS S = (D, P) with D = (C,R,E,Zy) and P = (F, A, p) one can
construct As following the next steps. Starting from Zy, condition-action rules in p
are evaluated and the set of all possible executable actions with corresponding ground
parameter assignments is defined. Then, nondeterministically, one such action with
parameter assignments ap (« is partially grounded with the parameter assignment )
is selected and executed over Z by calculating all the answers of action’s left-hand
side and grounding the right-hand side accordingly. In case that the right-hand side is
containing service calls, the latter are issued nondeterministically returning values from
C. Then, every service call is substituted with its actual result (i.e., the values yielded
on the previous step). The overall set of ground facts obtained is constituting the next
database instance. Hence, the transition system construction is determined as process

3 Tts free variables are exactly the parameters of «, and other terms can be quantified variables or
constants in ADOM(Zy).
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Fig. 3: A marked v-PN, where ¢ is fired with mode o: o(x) = a, o(y) = b, 0(v1) = d,
o(v2) = e, where d and e are fresh names

of all possible successors extraction, each of which is obtained by selecting one of the
executable actions with corresponding parameters, and one result perch each service call
involved. The construction proceeds recursively over the newly generated states. For a
formal description of the execution semantics, one can check [2].

5.2 From v-PNs to DCDSs

In this section we discuss how a v-PN N can be encoded into a DCDS 7(N) =
(D, Py) that faithfully reproduces the execution semantics of N. We discuss the
translation using the marked v-PN N shown in Fig. [3| The example is simple but
illustrates all the main difficulties of the translation. The general translation is provided
in the appendix. Specifically, there are two fundamental critical issue in the translation.
First, v-PNs have a bag semantics, whereas DCDSs rely on set semantics. Hence, the
only way for faithfully reconstructing the execution semantics of N in terms of a DCDS,
is to introduce implicit token identifiers that are in the DCDS to distinguish two distinct
tokens that belong to the same place and carry the same name. The same strategy must
be consistently maintained when, upon firing, two distinct tokens with the same name
must be inserted into the same place.

Second, to inject new data (corresponding, in our case, to token names and token
identifiers) in the system, DCDSs employ the notion of service call. However, an issued
service call may not necessarily return a fresh value, but could (nondeterministically)
return a value that is currently used in the system. To properly reconstruct the fresh
name generation of v-PNs, temporary relations and specific database constraints must
be employed.

In the remainder of the section, we use the following typographical conventions: v
for variables, v for constants.

Data Layer. The data layer is Dy = (Cn, Ry, En,Z{ ). The data domain Cp contains
the overall set Id of names, together with additional constants used to denote the different
elements of N: IdUT U P U Var C Cy.

The relation schemais Ry = {p;/2 | i € {1,...,5}}UNewID/5UF L/0. Relation
p;(id, n) represents that p; currently contains a token with identifier id and name n;

NewID(t,p,v,d,id) is a temporary relation used to store that transition t is has
produced a token with identifier id and name d, that this token is matched with variable
v, and that the destination of this token in the next step is place p. Relation F'L is a flag
distinguishing between the two modes in which the DCDS 7(N) operates to simulate
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the firing of a transition ¢: (i) the first consisting in the consumption of tokens from
the input places of ¢, and the contemporary generation of token identifiers and names,
to be stored in the temporary relations NewID of t; (ii) the second consisting in the
forwarding of tokens from such temporary relations to the output places of ¢, provided
that the previous step has completed correctly, i.e., without violating any constraint in
En.

The relation schema Cy is subject to constraints Ey = {&1, &a, £3, E4}. Constraint
&1 and &, ensures that identifiers present in the temporary relation NewlD are unique,
i.e., distinct from all identifiers stored in the place relations (cf. £1), and from those
stored in other tuples of NewID (cf. &;):

& =Vid.NewlID(_, _, _,id, ) A \/ie{l,...,S} pi(id, ) = L
Ey = Vid, t,p,v,n,t',p’,v',n'. NewID(t,p,v,id,n) A NewID(t',p’, v’ id,n’)
—t=t' Ap=p' Av=v An=n/

&3 and &, mirror &1 and & by considering names stored in NewID tuples that refer
to new name variables in 17, i.e., in our case v; and v, (which are constants in the DCDS):

Es =Vn. vce{m,uz} NewID(_, _,c,_,n) A Vie{l,...,5} pi(L,n) = L
&y =Vny1,ne.NewID(_, _,v1,_,n1) A NewID(_, _, v, _,n2) = N1 # ng

Finally, ZY encodes m by maintaining the name distribution of tokens, as well as their
cardinality. The latter requirement is enforced by picking pairwise distinct identifiers
from Cy. It is worth noting that identifiers and names are always treated separately by
the DCDS, and therefore also identifiers can be picked from the set Id of names. Conse-
quently, a suitable choice for Z}Y is {p1(a,a), p1(b,a), p1(c,a), p2(d, b), p2(e, b)}.
Process layer. The process layer of 7(N) is defined as Py = (Fn, Ay, pn). Fn
contains service calls that are used to inject token identifiers and names into the system.
In particular, each time a transition ¢ fires, tokens are generated according to the arcs that
have ¢ as input. The generation of a new identifier depends on: (i) the considered arc,
which is in turn determined by the input transition and output place; (ii) the variable name;
(iii) the occurrence of the variable name. For this reason, we introduce a service call
genID /4, where genID(t, p, v, i) represents the new id generation for the i-th occurrence
of variable v on the arc that connects t to p. Name generation depends instead only on the
considered new name variable in 7. Therefore, we introduce a service call genName /1,
where genFresh(v) represents the generation of a name for v.

The process and action components py and Ay contain an action gen; for each
transition ¢ of N, and an additional action transf . Intuitively, the firing of ¢ is simulated
in the corresponding DCDS by the serial execution of gen; and transf. The first action
is executable only when ¢ is enabled, and its execution leads to consume the named
tokens in the input places of ¢ (in accordance with the variables attached to the arcs), and
to generate (and store in the temporary relation NewlID) the named tokens produced by
t (again in accordance with the variables attached to the arcs). Action transf then takes
care of transferring such newly generated tokens into the corresponding output places.

Formally, in our example we have a single transition, hence Ay = {gen;}. The
process pn expresses the executability of gen; as follows:

pi(idy, ) A p1(ida, ) A pi(ids,y) Ap2(ids, y) AN, je1,ay,iz, idi 7 idj A= FL
= geny(tdyids, ids, idg, x,y)
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Observe also the consistent usage of variables x and y w.r.t. the v-PN in Fig. (3| and
the fact that gen; takes in input the pairs identifiers of selected tokens, as well as the
matched names. This allows us to make gen; able to consume the selected tokens
(without touching the unselected ones), and at the same time able to transfer the matched
names to the output. Specifically, gen; works as follows (notice the difference between
constant x and parameter x): gen;(idyida, ids, idy, x,y) =

{pl(idv n) A /\ id 7£ id; ~ {pl(ida TL)}
i€{1,2,3}

pa(id,n) Aid # idy ~~ {p2(id,n)}
pi(id,m) ~ {p;(id, n
true ~» { NewID

) fori € {3,4,5}

(t, p3, x, genID(t, p3,x, 1), ),

NewID(t, ps, x, genID(t, ps3, x,2),2)}

NewID(t, ps, v1, genID(t, p3, 11, 1), genName(v1))}
true ~ { NewID(t, pg, €, genID(t, p3,€,1),0)}

true ~» { NewID(t, ps, v1, genID(t, ps, v1, 1), genName(vy)),
NewID(t, ps, v1, genID(t, ps, 12, 1), genName(12)) }
true ~ FL }

The first block of effects is dedicated to maintain those tokens that are not consumed by
the transition ¢. For places that are input of ¢, this requires to properly filter out those
tokens that were selected in the precondition of gen; (which has non-empty answers
only if ¢ is enabled). The second block of effects is instead focused on the generation
of one distinct token for each of the variables that decorate the output arcs of ¢, with
the corresponding restrictions over matching names. The last effect switches the flag
from false to true, inhibiting the possibility of reapplying actions of the type gen,; this is
imposed in the precondition of gen;, which contains —F'L among its conjuncts.

Observe that, once gen; is applied, the newly obtained database must conform to all
constraints in £. Consequently, only states that correctly assign new identifiers and fresh
names in the case of 1" variables are kept as valid successors. This explains why this
two-step approach is needed when formalizing the firing of ¢.

Let us now turn to the action transf. It is independent of the specific transition,
because what it only needs to do is transfer the tokens generated in a generation step
from the temporary relations NewlID to the proper output places. The only precondition
of transf is then just to check whether F'L is true (which attests that a generation action
has been applied in the previous computation step). L.e., pn contains the following
condition-action rule: FIL — transf(). In the case illustrated by Fig. [3| we then have:

transf () = { pi(id,n) ~~ {p;(i

d,n)} fori e {1,...,5}
Newld(*v Pj> - Zdv n) ~ {pj(ld7n }

) forje{l,...,5}}

Notice that since F'L is not explicitly copied by transf, it is implicitly toggled, making
transf not applicable anymore (it will be again applicable after a generation step).

From LY to ;1L 4. We now continue the correspondence between verification problems
in v-PNs and verification problems in DCDSs, by considering the temporal logics used to
specify properties. As already mentioned in Sec. uljg has been inspired by the puL 4
logic for DCDSs. We now establish a precise translation £ that takes a u/jg property ¢
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and produces a corresponding ;1L 4 property &(®P):

@ if @ € {true,z =y, 2}
Vil,...,ic7ic+1. /\p(ij,,) — \/ =19 Ifo= [#pg C]
JE{1,..,c+1} k,le{l,..,c+1},k<l

Vit, ooy beybet1. A\ p(ij, ) — Vo ix =1 if®=[#p(x) <
je{1,..,c+1} k,le{l,..,c+1},k<l

§(@) = —¢(Psi) ifd — 0
§(D1) V E(D2) if = VP,
Fr.£(W) if ¢ = 3.0
O EEW) if & = (W
1 Z.£() if P = puzw

The only non-trivial cases are local queries, which are expressed as counting queries over
the current database, and the case of (—), which is translated by doubling the (—) operator
since every step in the transition system of a marked v-PN corresponds to a sequence of
two steps (generation and transfer) in the transition system of the corresponding DCDS.

5.3 Decidability Results

We are now in the position of formally assessing the connection between v-PNs and
DCDSs, leveraging on the translation functions 7 and €.

Theorem 12. For every marked v-PN N and every closed ,uﬁ% formula &, N = & if

and only if T(N) | (D).

Proof. Let N = (P, T, F,mg), and 7(N) = (Dy, Px). Recall that for each transition
t € T there are an action gen, and a condition-action rule Q(Z) — gen, in Py. In
addition, also transf is an action in Py .

The proof is a variation of the simpler proof given in [3] for the comparison between
P/T nets and (lossy) DCDSs. To compare the states of /5 with those of AT(N)’ we
define the following name cardinality-equivalence relation: given a marking m in Iy
and a state s in AT(N)’ we say that m is name cardinality-equivalent to s, written m = s,
if, for each place p; € P and name a € Id, m(p)(a) = n if and only if db(s) contains
n tuples (_, a) in relation p. By definition, mg /= sg. It can then be shown, inductively,
that, given m in I’y and s in A_ ™) such that m = s, for every transition ¢t € T (and
corresponding action gen, in 7(N)): (i) for every ¢, o and m/ s.t. m[t, o)m’, there exists
asequence s — s' — s in A_ ), where s’ is produced by the application of gen, with
parameter substitution o’, and where s” is produced from s’ by the application of transf,
s.t. m’ = s”; (ii) for every sequence s — s’ — s” produced by the application of action
gen, with parameter substitution o, followed by the application of transf, there exists
o’ and m’ s.t. m[t,o’)m’ and m’ &~ s”. The proof concludes by making the following
two observations. First, the two transition systems have the same structure, apart from
the fact that each transition in I’y corresponds to a sequence of two transitions in A _ (V)
a feature that is correctly mirrored by £. Second, name cardinality-equivalence preserves
the answers of local queries, i.e., given m and s s.t. m ~ s:

— for every number n € N and every boolean ,uﬁ% query of the form [#p < |,
[#p < ¢] is true in m if and only if £([#p < ¢]) is true in db(s);
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— for every number n € N, every open LY query of the form [#p(z) < c], and every
substitution 6 = [z /n], [#p(x) < ¢]0 is true in m if and only if £([#p(z) < c]0) is
true in db(s). O

With Theorem [I2] at hand, we can now prove the following key decidability result:

Theorem 13. Verification of MEX properties over run-bounded marked v-PNs is decid-
able, and reducible to finite-state model checking.

Proof. From the proof of Theorem we know that given a marked v-PN N, 7(N)
faithfully reconstruct the execution semantics of N. In particular, the states of I3
and those of AT(N) are connected by the name cardinality-equivalence relation. This

immediately leads to the fact that if N is run-bounded, then 7(IV) is a run-bounded
DCDS (in the sense defined in [2])). The claim is then obtained by combining Theorem|12]
with the fact that verification of 1L 4 properties over run-bounded DCDSs is decidable,
and reducible to finite-state model checking [2]. O

The notion of run-boundedness is quite restrictive, because it does not allow for
infinite runs triggering unboundedly many times an arc decorated with a new name
variable from 7. In [2] also a decidability result for the verification of state-bounded
DCDSs is given, by limiting the power of L 4 when using FO quantification that spans
across system states. In particular, decidability is proven for the logic pLp, in which
FO quantification only applies to those objects that persist in the current active domain.
When quantification is applied to an object that disappears from the active domain, then
it is possible to control whether the property, applied to that object, trivializes to true
or false. By incorporating this idea in the setting considered here, we obtain the logic
LY.

Definition 14. Given a marked v-PN N = (P, T, F,my), a uLY formula @ over N is
defined as: @ :: = true| Z | [#p < ]| [#p(x) < ]|z =y | P AN Dy | V|
Jx.LIVE(z) AW |LIVE(Z) A (9W |LIVE(Z) A HY | n 2.9

with the usual assumptions done for uL%, and the additional assumption that in
LIVE(Z) A (5)¥ and LIVE(Z) A HW, variables ¥ are exactly the free variables of @, once
we replace each bound predicate variable Z in @ with its bounding formula 11.Z.9". Beside
the usual abbreviations, we also make use of LIVE(Z) — (9% = —(LIVE(Z) A (-)—¥)
and LIVE(Z) — H¥ = —(LIVE(Z) A H-Y). |

As shown by the following example, L% properties are particularly useful in all those
cases where names maintain an identity only if they persist in the system.

Example 3. The L% formula
vZ.(3n[#p1(n) = 1 A pY.([#p2(n) = 1]) V (LIVE(n) A OY)) AHZ

expresses that in every state of the system, place p; must contain a single name n that persists in
the system until it is the unique name present in p2. Instead, formula

vZ.(3n.[#p1 (n) = 1] A pY.([#pa(n) = 1)) V (LIVE(n) — () A [HZ

expresses that in every state of the system, place p; must contain a single name n that either
disappears from the system or becomes eventually the unique name present in pa. ]
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By exploiting again Theorem[I2] we finally obtain:

Theorem 15. Verification of uLY properties over state-bounded marked v-PNs is de-
cidable, and reducible to finite-state model checking.

Proof. Let N be a v-PN. By adopting the same line of reasoning of the proof for
Theorem |13} we get that if N is state-bounded, then the DCDS 7(N) is state-bounded
(in the sense defined in [2]). It is easy to see that if the translation function £ is applied
to a uLY formula @, the resulting formula (@) is in L p. The claim is then obtained
by combining Theorem [I2] with the fact that verification of ;1L p properties over state-
bounded DCDSs is decidable, and reducible to finite-state model checking [2]]. O

6 Conclusion

We have studied the decidability boundaries related to the verification of v-PNs against
rich temporal properties specified using first-order variants of the p-calculus. The de-
cidability results are obtained via a translation to DCDSs, showing that interesting, new
results can be obtained by cross-fertilizing research areas that have not been extensively
related so far. It is interesting to observe that checking whether a DCDS is state-bounded
is undecidable even when it is very restricted [3]]. Thanks to the decidability of state-
boundedness for v-PNs, the DCDSs obtained from our translation mechanism represent
an interesting DCDS fragment for which state-boundedness is indeed decidable to check.
We plan to continue the combined investigation of these research areas, and foresee a sys-
tematic transfer of results between classes of colored Petri nets and DCDSs, leveraging
on the connections drawn in this paper.
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Fig. 4: Marked v-PN representing all possible infinite data words with labels {o1, 02 }.

A  From v-PNs to DCDSs

We define a translation function 7 that, given a marked v-PN N = (P, T,F,my),
produces a DCDS 7(N) = (D, Pn ), whose execution semantics faithfully reproduces
that of I'y. The data layer of 7(N) is Dy = (Cn, Rn, En, Z{'), where:

1. Cy =1duTUPUVar
2. Ry contains:
- p;/2 foreachp, € P
— NewID/5 = NewID(t,p,v,d,id)
- FL/O
3. &y is constituted by the following constraints:
— &1 and &; ensure that the new identifiers from NewlID are unique:

& =Vid.NewID(_,,_jid, ) A \/ pi(id, ) — L
PiERN

Ey = Vid, t,p,v,n,t',p’,v',n'. NewID(t,p,v,id,n) A NewID(t',p', v’ id,n’)
—t=t'Ap=p'Av=v An=n'

— &3 and &, ensure the uniqueness of the fresh names stored in NewID (here 7
contains all the fresh variables present in IV):

E3 =Vn. \/ NewID(_, _,c,,n) A \/ pi(,,n) = L
ceTN i€{1,...,5}

E4 = VYny,no. \V (NewID(,7 1, ,n1) A NewID(_, _ vp, _,ng)
v, TN V1 #12
— N1 7é TLQ)

4. for each p € P such that My(p) # 0, Z. is containing the following set of facts:
{p(idg,d) . d € Mo(p), id? € X, C N, Vi, j,.i # j we have id? # id?,

and Vp,p'. X, N X,y = @}
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The process layer of 7(N) is Py = (Fn, Pn, pn), Where:

1. Fy includes the following non-deterministic services:

— anew id generator genID(t, p,v,i),
— afresh data generator genFresh(v).

2. Sets of process and action components py and Ay are constructed as follows:

— for each transition ¢ € T we define (i) a process

N (pi(id],,v) Aid], # idl,) A =FL — geny (¥, id),
CAL

where CAL = {pj e* t,m,k € {1,...lpre(t,p;)|}, m # k, v € pre(t,pj)} is

the guard condition, and (ii) a corresponding action gen, (v, zZl) =

{p;(id,n) A Nigyid # id? ~ {p;(id,n)} forp; € *t

and I, = {1, ..., [pre(t,p;)|} }
pi(id,n) ~ {p;(id,n)} forp, € P\ *t
true ~> { NewID(t, pk, X, genID(t, pk, x, numy),v) : A1},

true ~ {NewID(t, p, v, genID(t, px, v, 1),
genName(v)) : As},
true ~> FL },

where A; and A, are two conditions which are defined as follows:
(a) A = {p;~c € t*,x € post(t,p;) \ T, numy, = {1, ...,post(t,pj)(var)}},
(b) Ay = {pk € t*,v € post(t,p;) N T}};

— define an additional action

transf () = { pi(id,n) ~ {p;(id,n)} for p; € P
New]d(*v Pj; - Zda n) ~ {p] (Zd7 n)} for Dbj epP }

and a condition-action rule corresponding to it:

FL — transf()
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