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Abstract. Time Petri Nets (TPN) and Timed Automata (TA) are widely-used for-
malisms for the modeling and analysis of timed systems. A recently-developed
approach for the analysis of TPNs concerns their translation to TAs, at which
point efficient analysis tools for TAs can then be applied. One feature ofmuch of
this previous work has been the use of timed reachability analysis on the TPNin
order to construct the TA. In this paper we present a method for the translation
from TPNs to TAs which bypasses the timed reachability analysis step. Instead,
our method relies on the reachability graph of the underlying untimed Petri net.
We show that our approach is competitive for the translation of a wide classof
TPNs to TAs in comparison with previous approaches, both with regard to the
time required to perform the translation, and with regard to the number of loca-
tions and clocks of the produced TA.

1 Introduction

As real-time systems become ever more complex and diffuse, it becomes increasingly
important to develop methods for reasoning about such systems in a formal way. Two
widely-used formalisms for the modeling and analysis of real-time systems are Time
Petri Nets (TPNs) [15] and Timed Automata (TA) [3]. TPNs and TA are dense-time
formalisms, which implies that their underlying state space is infinite, and therefore
verification techniques which enumerate exhaustively the state space cannot be applied.
In general, this difficulty is addressed by applying symbolic methods or by partitioning
the infinite state-space. With regard to TA, the well-known region graph [3] or zone-
based graph [2] techniques are two such methods, the latter of which forms the basis
of the techniques implemented in tools such as UPPAAL [4, 18] and KRONOS[19, 12].
With regard to TPNs, in [5, 14] an approach based on the so-called state class graph
(SCG) construction is presented. In the SCG the nodes are sets of states, represented
by a pair comprising a marking and a firing domain, where the firing domain represents
the set of times at which a transition can be fired. The SCG construction allows the
verification of untimed reachability and LTL properties [5, 14], while variants of this
method allow the verification of CTL, and a subset of TCTL [1] properties [6, 17].

A different approach to allow TCTL model checking of TPNs is to produce from
a TPN a timed bisimilar TA which maintains TCTL properties, and then verify it by
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means of model-checking tools (for example, the above citedUPPAAL and KRONOS).
In the literature there are two different techniques for thetranslation of TPNs to TA.
The first is based on the Petri net (PN) structure [8], and is generally characterized by
a potentially high number of clocks in the produced TA; the second is based on ex-
ploration of the timed state space, for example in [13], in which a method based on an
extended version of the SCG is used to compute the so-called state class timed automa-
ton (SCTA), and in [10], where zone-based timed reachability analysis (see [2]) allows
the construction of the so-called marking timed automaton,that in the following we will
call the zone-based marking timed automaton (ZBMTA). The ZBMTA always has no
more locations and edges than the SCTA, while the latter has no more clocks than the
former. Finally, it should be noticed that, in [10, 13], the reachability techniques for the
generation of a TA are generally employed again subsequently to analyze the produced
TA; this fact could increase the total verification time of the TPN under investigation.

In this paper we present a different technique for the translation of a TPN into a
(strong) timed bisimilar TA, by using the reachability graph of the underlyinguntimed
Petri Net to build what we have called themarking class timed automaton(MCTA).
We will show that the SCTA, obtained by applying [13], and theMCTA, obtained by
applying our approach, are incomparable in the number of locations and edges, while
the MCTA produces a greater or equal number of locations and edges with respect to
the ZBMTA approach, obtained by applying [10]; finally, the numberof clocks may
be equal to that of the SCTA, and less or equal to that of theZBMTA. From these
considerations it may be deduced that our approach represents a competitive choice
for a number of classes of systems, especially when a trade-off is needed between the
number of the produced locations and clocks; we will presentexperimental evidence to
show this. The main disadvantage of our method is the requirement of boundedness of
the underlying untimed PN, while [10, 13] require only TPN boundedness. In order to
address this problem, we give some suggestions to partiallybound specific PN subnets
of the TPN under investigation. In addition, because our method may explore some
paths in the untimed Petri net which are unreachable in the TPN, resulting in a greater
number of locations, we consider an adjustment to the MCTA construction algorithm
which, for some TPNs, can alleviate this problem.

This paper is organized as follows: Section 2 provides some background, while Sec-
tion 3 explains our approach to verify TPNs by translation toTA, and makes a com-
parison with the SCTA andZBMTA approaches. Section 4 presents some optimization
techniques: a simple method to partially resolve the above cited unreachable path prob-
lem, a variant for reducing the number of locations of the produced TA, and some
ideas to address the boundedness requirements of our approach. Section 5 describes
our tool, GREATSPN2TA, for the translation of TPNs to TA in the input language of
the KRONOSmodel checker, and reports some experimental results, obtained on a set of
case studies, also comparing them against the results of thetool ROMEO [9, 16], which
implements the SCTA andZBMTA approaches. Section 6 concludes the paper.



2 Preliminaries

Timed Transition Systems.Let Σ be a finite set ofevents, and letR≥0 be the set of
non-negative real numbers. A timed transition system (TTS)S is a tuple〈Q,q0,Σ,→〉
whereQ is the set of thestates, q0 ∈Q is theinitial state, and→⊆Q× (Σ∪R≥0)×Q
is the set ofedges. We useq

a
→ q′ to denote(q,a,q′)∈→, which indicates that when the

state of the system isq, it can change toq′ uponlabel a∈ Σ∪R≥0. The edges labeled
with an event ofΣ are calleddiscrete edgesand the edges labeled with a non-negative
real number are calledcontinuous edges. A path is a finite or infinite sequence of edges
q0

a0→ q1
a1→ ·· · . A set of statesQ′ ⊆Q is reachablefrom a stateq if there exists a finite

pathq0
a0→ q1

a1→ ·· ·
an−1
→ qn, such thatq0 = q andqn ∈Q′.

Timed Automata. Timed Automata (TA) [3] are automata extended with clocks, which
are real-valued variables, and which increase at the same rate as real-time. LetX be a
set ofclocks, andΦ(X) be the set of theclock constraintsoverX, which are defined by
the following grammar:ϕ := x≤ c|x≥ c|x< c|x > c|ϕ1∧ϕ2, wherex∈ X andc∈Q≥0

is a non-negative rational number. Atimed automaton Ais a tuple〈L, l0,Σ,X, I ,E〉
whereL is a finite set oflocations, l0 ∈ L is an initial location, I is a (total) function
L 7→ Φ(X) that associates to each location aninvariant condition(i.e. a clock con-
straint), andE ⊆ L×Σ×Φ(X)×2X ×2X2

×L represents the set of theswitches. The
switch(l ,σ,ϕ,λ,ρ, l ′)∈E represents a switch froml to l ′ on the eventσ, with the guard
ϕ (a clock constraint) describing the set of clock values thatcan enable the switch, the
setλ ⊆ X describing the clocks that are set to 0 by the switch, andρ ⊆ X2 describing
how clocks should be renamed when the switch is taken. The semantics of TA is de-
fined by means of a TTS, and its definition is standard (in particular, see [7, 13] for the
semantics of the variant of TA with clock renaming); we omit it for reasons of space.
In [3], the problems and the possible solutions regarding the infinite number of states
and transitions of such a TTS are also illustrated. This leads to the use of abstraction
methods, for example theregion graphand thezone graph.
Time Petri Nets.A Time Petri Net(TPN)T [5, 15] is a tuple〈P,T,W−,W+,M0,(α,β)〉
whereP = {p1, ..., pm} is a finite set ofplaces, T = {t1, ..., tn} is a finite set oftransi-

tions, W− : (NP)
T is thebackward incidence function, W+ : (NP)

T is theforward inci-
dence function, M0 ∈NP is theinitial marking, andα ∈ (Q≥0)

T andβ ∈ (Q≥0∪{∞})T

are theearliestandlatest firing timefunctions.
The semantics of a TPNT can be represented by a TTSST . Before introducing

the semantics we define the following notation. Amarking M is an element ofNP. In
the following, we use standard notation for markings, such as M ≥ M′ if and only if
M(p) ≥ M′(p) for all p ∈ P, andM−M′ whereM−M′(p) = M(p)−M′(p) for all
p∈ P. A valuationis a vectorv∈ (R≥0)

n such that each valuevi represents the elapsed
time since the last time transitionti was enabled, or since the launching of the system ifti
was never enabled. The initial valuation0∈ (R≥0)

n is defined by0i = 0, for all 1≤ i≤ n.
A transitiont is said to beenabled for a marking Mif and only if M ≥W−(t). For all
(tk,M, ti) ∈ T ×NP×T, let ↑enabled(tk,M, ti) = (M−W−(ti) +W+(ti) ≥W−(tk))∧
((M−W−(ti) < W−(tk))∨ (tk = ti)). Intuitively, ↑enabled(tk,M, ti) = true if and only
if tk is newly enabled after the firing ofti in M, where a transitiontk is said to be



newly enabledafter the firing of a transitionti in M if tk is not enabled for the marking
M−W−(t) (or if ti = tk) and it is enabled for the markingM′ = M−W−(t)+W+(t).

The TTSST = 〈Q,q0,T,→〉 associated to a TPNT = 〈P,T,W−,W+,M0,(α,β)〉

is defined byQ = NP× (R≥0)
n, q0 = (M0,0), and→∈Q× (T ∪R≥0)×Q is the set of

edges defined by:

1. Thediscrete edgesare defined by, for allti ∈ T:

(M,v)
ti→ (M′,v′)⇔



















M ≥W−(ti)∧M′ = M−W−(ti)+W+(ti)

α(ti)≤ vi ≤ β(ti)

v′k =

{

0 if ↑enabled(tk,M, ti)

vk otherwise.

2. Thecontinuous edgesare defined by, for allδ ∈ R≥0:

(M,v)
δ
→ (M,v′)⇔ v′ = v+δ, and∀k∈ {1, · · · ,n} ,(M ≥W−(tk)⇒ v′k ≤ β(tk)) .

The last condition on continuous transitions ensures that the time that elapses in a mark-
ing cannot increase to a value which would disable transitions that are enabled by the
marking. For TPNs, as for TA, it is not possible to work directly on the TTS which
represents the behavior of the TPN, because this TTS has infinitely many states (and
infinitely many labels). Again, the use of abstraction methods permit the construction of
a transition system where the labels expressing the passingof time are eliminated and
where states are regrouped into classes on which the reachability analysis can be done.
The state class graph[5] and thezone graph[10] are examples of such an approach.
However these methods do not always give a result because, aspointed out in [5], for a
TPN the problems of reachability and of boundedness are undecidable.

3 From Time Petri Nets to Timed Automata

We now describe our approach for translating a TPN model intoa TA, called the
marking class timed automaton (MCTA), in order to subsequently perform analysis
on MCTA. Section 3.1 is devoted to this technique, also providing a proof that the TTS
of the TPN and of the MCTA are timed bisimilar, while in Section 3.2 our approach is
compared with those based on the SCTA and theZBMTA [13, 10].

3.1 MCTA of a TPN

In this section we present the MCTA construction, where the constructed TA has
an equivalent (timed bisimilar) behavior to that of a TPN. Consider the TPNT =
〈P,T,W−,W+,M0,(α,β)〉. We will “untime” the TPNT (that is, remove the timing
functions (α,β)) in order to obtain a Place/Transition PNP = 〈P,T,W−,W+,M0〉.
We denote byRu(M0) ⊆ NP the reachability set ofP (the set of markings thatP
can reach from its initial markingM0). When bounded (i.e.(∃k ∈ N)(∀p ∈ P)(∀M ∈
Ru(M0))(M(p) ≤ k)), the behavior of this PN can be represented by thereachabil-
ity graph (RG), which is an untimed finite-state transition system〈Q,q0,T,→〉 where



Q= Ru(M0), q0 = M0, and the edge relation→ is defined by classical 1-step reachabil-
ity in untimed PN: for allM,M′ ∈ Ru(M0), for all t ∈ T:

M
t
→M′⇔M ≥W−(t) andM′ = M +W+(t)−W−(t) .

The MCG construction.We now present the algorithm which builds themarking class
graph (MCG) Γ(T ) of the TPNT , which is a transition systemΓ(T ) = 〈C ,C0,T,

→mc〉. The statesC of Γ(T ) are calledmarking classes. Each marking class is a triple
of the form〈M,χ, trans〉, comprising a markingM of T , a setχ of clocks, and a function
trans : χ→ 2T associating a set of transitions to each clock inχ. The initial marking
classC0 = 〈M0,{x0}, trans0〉 is such thatM0 is the initial marking ofT , the set of clocks
of C0 is composed of a single clockx0, andtrans0 is defined bytrans0(x0) = {t ∈ T |
t is enabled forM0}. To build the graph, we also need the notion of clock similarity
(adapted from [13]), in order to group certain marking classes together. Two marking
classesC = 〈M,χ, trans〉 andC′ = 〈M′,χ′, trans′〉 areclock similar, denotedC≈C′, if
and only if they have the same markings, the same number of clocks and their clocks
are mapped to the same transitions, written formally as:

C≈C′⇔M = M′, |χ|= |χ′| and∀x∈ χ,∃x′ ∈ χ′, trans(x) = trans(x′) .

The MCG construction is shown in Algorithm 1, and is a classical breadth-first
graph generation algorithm which starts from the initial unexplored marking classC0.
At each step an unexplored marking classC is marked as explored, all marking classes
C′ reachable in one step (firing of a transition) fromC are added to the set of un-
explored classes, unless an equivalent one (according to clock similarity) has already
been considered before. The algorithm terminates when all unexplored markings have
been considered. In lines 1.6 to 1.13, the set of clocksχ′ and the functiontrans′, which
associates clocks to enabled transitions, are computed. Wenote that the construction
of this graph can be done by following the different paths in the reachability graph of
the underlying PN adding a clock setχ′ and a relationtrans′, and possibly “unloop-
ing” some loops of the reachability graph when a marking is reached many times with
associated marking classes which are not clock-similar.
The MCTA Construction. From the MCG defined above, it is possible to build a TA
A(T ) which has the same behavior as the TPNT , as we will show in the next section.
Let T = 〈P,T,W−,W+,M0,(α,β)〉 be a TPN andΓ(T ) = 〈C ,C0,T,→mc〉 its associated
marking class graph. Themarking class timed automaton(MCTA) A(T ) associated to
T is the TA〈L, l0,Σ,X, I ,E〉 defined by:

– L = C is the set of the marking classes;
– l0 = C0, whereC0 is the initial marking class (C0 = 〈M0,{x0}, trans0〉);
– X =

S

〈M,χ,trans〉∈C χ;
– Σ = T;
– E is the set of switches defined by:

∀Ci = 〈Mi ,χi , transi〉 ∈ C ,∀Cj = 〈M j ,χ j , transj〉 ∈ C

∃Ci
ti→mcCj ⇔∃(l i ,a,φ,λ,ρ, l j) ∈ E such that











l i = Ci , l j = Cj ,a = ti ,

φ = (trans−1
i (ti ,)≥ α(ti)), λ = {trans−1

j (tk)| ↑ enabled(tk,Mi , ti) = true},

∀x∈ χi ,∀x′ ∈ χ j , such thattransj(x′)⊆ transi(x),x′ 6∈ λ,ρ(x′) = x ;



input : The initial marking classC0 of a TPNT

output: The MCG ofT

MCG := /0; New:= C0;1.1

while New is not emptydo1.2

C := remove(New); (whereC = 〈M,χ, trans〉)1.3

Fireable(C) := {t | t is enabled forM};1.4

for all transitions t∈ Fireable(C) do1.5

M′ := M +W+(t)−W−(t);1.6

For each clockx∈ χ, remove fromtrans(x) all the transitionstk such thattk1.7

is enabled inM and is not inM−W−(t), to obtain a relationtrans′;
The clocks whose image bytrans′ is empty are removed fromχ, to obtain a1.8

set of clocksχ′;
for all transitions tk which verify↑enabled(tk,M, t) = true do1.9

if a clock x has already been created for the computation of C′ then1.10

tk is added totrans′(x);1.11

else1.12

a new clockxn is created;n is the smallest available index among1.13

the clocks ofχ′ andtrans′(xn) = tk;
end1.14

end1.15

C′ := 〈M′,χ′, trans′〉;1.16

if there is a marking class C′′ in MCG such that C′ ≈C′′ then1.17

MCG := MCG∪{C
t
→mcC′′};1.18

else1.19

MCG := MCG∪{C
t
→mcC′} andadd(New,C′);1.20

end1.21

end1.22

end1.23

Algorithm 1 : MCG construction

– ∀Ci = 〈Mi ,χi , transi〉 ∈ C , I(Ci) =
V

x∈χi ,t∈transi(x)(x≤ β(t)).

In order to build the MCTA of a TPN, the number of marking classes has to be
bounded, otherwise the construction of the MCG will not terminate. Note that the MCG
has a bounded number of marking classes if and only if the underlying untimed PN is
bounded. We recall that in contrast to the case of the boundedness of TPN [5], the
boundedness of a PN is decidable. We will return to boundedness issues in Section 4.3.
Bisimulation. We now define an equivalence relation between the states of the TPNT

and the states of its associated MCTA, and we will prove that this relation is a timed
bisimulation. Our results are analogous to those in the context of the SCTA [13] and
theZBMTA [10].

First, we recall the definition of timed bisimulation (see, for example, [8, 13, 10]).
Let S1 = 〈Q1,q0

1,Σ1,→1〉 andS2 = 〈Q2,q0
2,Σ2,→2〉 be two TTSs. The equivalence rela-

tion≈⊆Q1×Q2 onQ1 andQ2 is atimed bisimulationif and only if, for alla∈ Σ∪R≥0:

– if s1≈ s2 ands1
a
→ s′1 then there existss2

a
→ s′2 such thats′1≈ s′2;



– if s1≈ s2 ands2
a
→ s′2 then there existss1

a
→ s′1 such thats′1≈ s′2.

Let T = 〈P,T,W−,W+,M0,(α,β)〉 be a TPN andA(T ) its associated MCTA. We
considerQT the set of reachable states ofT and QA the set of states ofA(T ). We
define the relation'mc⊆QT ×QA by the following rule. For alls= (M,νT ) ∈QT , for
all r = (Cr ,vA) ∈QA (with Cr = 〈Mr ,χr , transr〉):

s'mc r ⇔











M = Mr and

∀t ∈ T such thatt is enabled inM,

νT (t) = vA(x) with x∈ χr such thatt ∈ transr(x) .

Theorem 1. The binary relation'mc⊂QT ×QA is a timed bisimulation.

If we consider a TPNT = 〈P,T,W−,W+,M0,(α,β)〉 and its associated MCTA
A(T ), because we have by construction(M0,0)'mc(C0,0), we conclude that a marking
M is reachable fromM0 in T if and only if there exists a state ofA(T ) whose associated
marking (within the state’s marking class) isM. The timed bisimulation property also
allows us to obtain the set of states ofT which satisfy a TCTL property: the TCTL

property can be verified onA(T ), and the resulting set of states ofT satisfying the
property can be obtained using'mc.
Example. We now consider the application of our procedure to the TPN ofFigure 1.
The corresponding MCTA is given in Figure 2. The structure (locations, represented
by nodes, and switches, represented by arcs) of the MCTA is derived from the MCG,
which provides also the following information:

– for every location, information regarding the corresponding marking of the consid-
ered (PN underlying the) TPN, as well as information about which clock is linked
to the currently enabled transitions in the corresponding state of the original model;

– for every arc, the transition which fires in the TPN.

The MCTA construction step labels the locations with invariants, while guards, clock
resets and clock renaming functions are added to the arcs. Guards are written above the
line labeling each arc, whereas resets and clock renaming are indicated below. Starting
from the initial locationC0, we have two newly enabled transitions,t1 andt2, to which an
unique clock, namedx, is assigned; the corresponding invariants and guards, indicated
on the corresponding outgoing arcs, are defined with respectto the timing intervals in
the TPN under translation. When the outgoing arc labeledt1 is taken from locationC0

to locationC1 (between time 4 and 5), the transition namedt2 is still enabled, so the
clock x remains assigned tot2, and must not be reset before enteringC1. In locationC1

the automaton cycles forever, taking the arc labeledt2 every 1 time unit, and always
resetting the clockx before entering the same location, becauset2 is always newly
enabled after each firing. When the outgoing arc labeledt2 is taken from locationC0

to locationC2 (after exactly 1 time unit), the transition namedt1 is still enabled, so the
clock x remains assigned to it (andx is not reset), while the fired transitiont2 is newly
enabled, and so is assigned to a new clock,y, which must be reset before entering
C2. In locationC2 the automaton can cycle every 1 time unit, resetting the clock y on
every cycle, becauset2 is always newly enabled after each firing. When the outgoing



[4,5] [1,1]
t1 t2

p0p1

Fig. 1.A TPN modelT

C0 C1

C2

t2

t2

t1

t1

t2

x≤ 1∧x≤ 5 x≤ 1

y≤ 1∧x≤ 5

x≥1
y

y≥1
y

x≥4
/0

x≥4
x;ρ(y)=x

x≥1
x

C M trans

C0 p0 + p1 x← 〈t1, t2〉
C1 p0 x← 〈t2〉
C2 p0 + p1 x← 〈t1〉

y← 〈t2〉

Fig. 2. The MCTA corresponding to TPNT in Figure 1

arc labeledt1 is taken from locationC2 to locationC1 (after between 4 and 5 time units
sincet1 was enabled), the transition namedt2 is still enabled, but inC1 the transitiont2
is already assigned to a clock namedx; this implies that the clocky must be renamed to
x while taking the arc. Note that the guard on the arc betweenC0 andC1 is never true,
due to the invariant associated withC0, but thatC1 is reachable viaC2.

3.2 Comparing theMCG, ESCG, and ZBMCG approaches

In this section we compare the ESCG, MCG, andZBMCG approaches, taking into
account the cardinality of locations and edges, as well as the number of clocks of the
produced TA. We recall that, with respect to the MCG, the ESCGnodes are enriched by
the firing domain constraints [13], while in theZBMCG nodes the available information
regards only the reached markings [10].

We first observe thatthe MCG and theESCGapproaches are incomparable with
respect to the number of generated locations. We provide two examples to substantiate
this remark. Let|MCG|T and |ESCG|T be the cardinality of locations of the MCG
and ESCG, respectively, of the TPNT of Figure 1. The fact that|MCG|T = 3 can be
derived from the TA shown in Figure 2, while the ESCG construction for T leads to
|ESCG|T = 9. The TA corresponding to the ESCG is shown in Figure 3. The table
of Figure 3 defines, for each extended class ESC, the net marking M, the association
transof transitions to clocks, and the firing domainsD of transitions. It is clear that, in
this net, the ESCG construction distinguishes more than theMCG one. This happens
because, in the ESCG, for each reachable marking there may bea number of associated
firing domains. Figure 4, instead, give us an example of a TPNT for which |MCG|T ≥



ESC0 ESC1 ESC2

ESC3ESC4

ESC5

ESC6

ESC7ESC8

t2 t2

t2

t1

t2

t2

t1

t2

t1 t2

t2

x≤ 1∧x≤ 5 y≤ 1∧x≤ 4 y≤ 1∧x≤ 3

y≤ 1∧x≤ 2y≤ 0

y≤ 1∧x≤ 1

y≤ 1

y≤ 1y≤ 1∧x≤ 0

y≥1∧x≥4
y

y≥1∧x≥3
y y≥1∧x≥2

y

x≥1∧y≥1
x,y y≥1∧x≥1

y

y≥0
y

x≥0∧y≥1
x

y≥1∧x≥0
y,x

x≥0∧y≥1
x

y≥0
y

y≥1
y

ESC M D trans

ESC0 p0 + p1 4≤ t1 ≤ 5 x← 〈t1, t2〉
1≤ t2 ≤ 1

3≤ t1− t2 ≤ 4
ESC1 p0 + p1 3≤ t1 ≤ 4 x← 〈t1〉

1≤ t2 ≤ 1 y← 〈t2〉
2≤ t1− t2 ≤ 3

ESC2 p0 + p1 2≤ t1 ≤ 3 x← 〈t1〉
1≤ t2 ≤ 1 y← 〈t2〉

1≤ t1− t2 ≤ 2
ESC3 p0 + p1 1≤ t1 ≤ 2 x← 〈t1〉

1≤ t2 ≤ 1 y← 〈t2〉
0≤ t1− t2 ≤ 1

ESC4 p0 0≤ t2 ≤ 0 y← 〈t2〉
−1≤ t1− t2 ≤−1

ESC5 p0 + p1 0≤ t1 ≤ 1 x← 〈t1〉
1≤ t2 ≤ 1 y← 〈t2〉

−1≤ t1− t2 ≤ 0
ESC6 p0 1≤ t2 ≤ 1 y← 〈t2〉
ESC7 p0 0≤ t2 ≤ 1 y← 〈t2〉
ESC8 p0 + p1 0≤ t1 ≤ 0 x← 〈t1〉

1≤ t2 ≤ 1 y← 〈t2〉
t1− t2 =−1

Fig. 3. The SCTA corresponding to TPNT in Figure 1

[1,1] [2,2] [4,4]
t1 t2 t3

p0

p1 p2 p3

Fig. 4.A TPN modelT , with |MCG|T ≥ |ESCG|T

|ESCG|T , as shown in Figures 5 and 6. In this case, the MCG algorithm, being unable
to identify unreachable paths, produces an higher number oflocations, two of which
are unreachable in the MCTA. In fact, the ESCG construction process, thanks to the
firing domain computation, correctly “cuts off” the untakeable t2 andt3 transitions, and
so theC2 andC3 locations are not reached, while this does not happen with the MCG.

Next, we observe thatthe ZBMCG approach results in no more locations and
switches than theMCG and ESCGapproaches. TheZBMCG method generates only
those markings that are reachable in the TPN, whereas our MCGapproach generates
markings that are reachable in the underlying untimed PN. For this reason alone, it
is easy to show an example in which the number of locations andswitches produced
by theZBMCG method is less than or equal to the number of locations andswitches
produced by our MCG method. Now note that each location produced by theZBMCG
method corresponds to a set of locations produced by the ESCGmethod: the markings
corresponding to the locations will be the same, but, in the case of the ESCG method,
the locations are enriched with firing domains. A similar argument can be used for the
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Fig. 5. The SCTA corresponding to TPNT in Figure 4
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Fig. 6. The MCTA corresponding to TPNT in Figure 4

switches. Taking again the TPN as in Figure 1, in Figure 7 we give the TA obtained by
applying theZBMCG technique.

Despite the fact that the ESCG and theZBMCG can result in smaller TA in terms
of locations and switches or clocks than the MCG, we show in Section 5 that, when ap-
plied to a number of examples from the literature, the proposed MCG-based translation
can be competitive in size and execution time.

4 Improving the effectiveness of theMCG approach

In this section we present some modifications of the MCG algorithm, in order to im-
prove the effectiveness and applicability of our proposed solution.

4.1 Reducing the number of unreachable locations

The first modification allows to “cut off” paths that could obviously not be taken, such
as the firing oft1 in C0 of the example in Figures 1 and 2. As observed before in the
TPN of Figure 1, whent1 andt2 are newly enabled onlyt2 can fire. Cutting off the edge
fromC0 toC1 does not change|MCG|T in this case, but it does for the TPN of Figure 4,
because it discards the possibility of firingt2 andt3. Line 1.4 of the algorithm can be
changed to check the earliest and latest firing time of the newly enabled transitions, and
to remove from consideration transitions that are not firable:

Fireable(C) := {t | t is enabled forMC}\
{t | ∃t ′ ∈ T.∃x∈ χC such thatt, t ′ ∈ transC(x) andα(t) > β(t ′)};

Observe that this modification takes timing information into account, as ESCGs and
ZBMCGs do, but with the difference that the check does not consider the elapsed en-
abling time (which is encoded in the state class domains in ESCGs, and in zones in
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Fig. 8. A TPN modelT , for which the application of the local optimization is useful

ZBMCGs). The TPN on the left part of Figure 8 illustrates an effective case of the
modification of the algorithm: the original MCG is infinite (since Ru is unbounded),
but the modified algorithm stops because, as shown on the central and right part of
Figure 8, the firing oft1 in C1 is not considered.

4.2 Trading clocks for locations and speed

Our second modification increases the number of clocks, but decreases the number
of locations and the computation time. This variant to the MCTA generation proce-
dure consists of the assignment of a unique clock for every enabled transition, and not
a unique clock for every set of newly enabled transitions: indeed, unless two transi-
tions are always enabled at the same time, it is better to associate to them two separate
clocks. As a consequence the expensive check of clock similarity can be removed from
the algorithm. We call MCTAclock the automata obtained with such a procedure. The
construction of the MCTAclock of the TPN of Figure 1 results in the same TA as that
corresponding to theZBMTA and is shown in Figure 7: assigning two different clocks,
x andy, to the newly enabled transitionst1 andt2 in locationC0 let us mergeC0 andC2

into a unique location, decreasing from 3 to 2 the number of required locations.

4.3 Dealing with unboundedness

Consider the TPN on the left part of Figure 9, illustrating a producers-consumers sys-
tem model distributed with the ROMEO package. The setRu of this net is unbounded,
but the TPN itself has a bounded behavior because the consumers (top part of the net)
are always faster than the producers, so that tokens never accumulate unboundedly in
placeP3. Observe that in TPN models whose boundedness depends of time, even the
smallest change in the definition of the timing constraints may cause non-termination of
the ESCG andZBMCG algorithms; on the other hand such models may be of interest
in many application fields. The method we propose here, inspired by similar techniques
for performance evaluation of unbounded stochastic Petri Nets, is to artificially bound
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Fig. 9.An unbounded TPN (left), and the same model after the bounding procedure (right)

the net, using an initial, random guess for this bound, and then to check on the corre-
sponding TA whether the bound is too low. We proceed as follows:

1. Compute the P-semiflows of the untimed PN.
2. If all places are covered by at least one P-semiflow, then the net is bounded and we

can apply the MCG algorithm in the standard way; otherwise, for all placespi not
covered by a P-semiflow, build the complementary places ¯pi , and setM0(p̄i) to a
guessed value (we usēP to denote the set of complementary places).

3. Build the MCTA using Algorithm 1.
4. Finally, check on the MCTA whether there is a reachable state of the TA of mark-

ing M, in which the complementary place is actually limiting the original timed
behavior (formally,∃t: ∀p ∈ P,M(p) ≥W−(p, t)∧∃p ∈ P̄,M(p) < W−(p, t)); if
such a state exists, increase the initial guess forM0(p̄) and repeat.

Note that, if the TPN is unbounded, then the number of iterations is unbounded and
the algorithm does not terminate (the ESCG andZBMCG computations also do not
terminate). P-semiflow and complementary places are standard PN concepts, and we do
not recall them here. We only show how the net on the left part of Figure 9 is modified to
obtain the net on the right part of the same figure. P-semiflow analysis reveals that place
P3 is unbounded and the complementary placeP4 is inserted. ChoosingM0(P4) = 6
bounds alsoP3 to a maximum of 6 tokens. The check on the MCTA reveals that this
was a good choice, and we can safely use the MCTA built from thenet on the right
part of Figure 9, rather than the TPN on the left part of the figure (the underlying PN
of which is unbounded), because they have the same behavior over reachable states.

5 The GREATSPN2TAtool

In this section we present the tool GREATSPN2TA for the computation of the MCTA
(or MCTAclock) of a given TPN. The underlying PN is described with the tool
GREATSPN [11], which is a software package for the modeling, validation and per-
formance evaluation of distributed systems using models based on stochastic Petri nets.
The produced MCTA (or MCTAclock) is described in the input format of KRONOS[12],
a model-checking tool for TA. In the following, we compare GREATSPN2TA to



ROMEO. The software ROMEO [9] permits the state space computation of TPN, on-
the-fly TCTL model-checking and the translation from TPN to TA with equivalent
behavior. ROMEO incorporates two tools of interest in our context, namely GPN and
MERCUTIO. Both tools transform a given TPN to the UPPAAL or KRONOS input for-
mat: the tool GPN exploits the SCTA computation, whereas MERCUTIO is based on
theZBMTA construction.

We ran MERCUTIO, GPN, and GREATSPN2TA (using also the variant
GREATSPN2TAclock, which implements the MCTAclock construction), on a number
of different models. Our experiments were executed on a 1.60 GHz Pentium 4 PC
with 512 MB of RAM, running Linux. Table 1 lists, for every model, the number
of locations and clocks of the TA, and the elapsed time to compute the TA. We
considered two classical PN models: the dining philosophers (with 4 philosophers,
Philo4), the slotted ring with 4 devices (SR4), and three models taken from the ROMEO

package: a producer-consumer with 6 producers and 7 consumers (P6C7), and a set
of parallel sequences (Oex15), which we have also modified so that each sequence
cycles (Oex15cycle). For Philo4 and Oex15cycle a number of different timings of the
TPN were considered: in thePhilo4 case, we have forced one of the four philoso-
phers to be 10, 100, or 1000 times slower during the thinking activity (so obtaining
the Timing1slw−10, Timing1slw−100, andTiming1slw−1000 variants, respectively); in the
Oex15cycle case, the time intervals describing the different activities were considered
totally disjoint (Timingdisj), partially overlapping (Timingoverlapping), or having the same
latest firing times (Timingcontained−LFT). The results, shown in Table 1, provide exam-
ples of the various trade-off that the four methods offer. Due to the different char-
acteristics of the four algorithms, we compare the tools by pairs: GREATSPN2TA
with GREATSPN2TAclock, GPN with MERCUTIO, GPN with GREATSPN2TA and
MERCUTIO with GREATSPN2TAclock.

GREATSPN2TAand GREATSPN2TAclock. GREATSPN2TA always produces
a greater number of locations and a smaller number of clocks than the
GREATSPN2TAclock variant: the smaller number of clocks is nevertheless
paid for in terms of execution time, especially for models inwhich, in each
state, there is an high number of enabled transitions (indeed the execution of
GREATSPN2TA onP6C7 did not terminate even after 5 minutes). The greater
number of locations can be explained by recalling the discussion of Section 4.2. As
expected, execution times do not change when changing the timing of transitions.

GPN and MERCUTIO. As already observed, GPN optimizes clocks and MERCUTIO

optimizes locations: there is not a definitive winner in terms of execution times,
although they are both sensitive to timings (most notably inthePhilo4case).

GPN and GREATSPN2TA. For the examples considered, the two tools generate the
same number of clocks. In theP6C7 case the MCTA computation explodes while
computing clock similarity, due to the high number of transitions enabled in each
state. In all other cases, the execution time is smaller for GREATSPN2TA.

MERCUTIO and GREATSPN2TAclock. MERCUTIO assigns statically one clock per
transition and leaves to the TA tool (UPPAAL or KRONOS) the task of minimiz-
ing the number of clocks, while GREATSPN2TAclock assigns a different clock
to each enabled transition: this explains the smaller number of clocks in the



Model GPN MERCUTIO GREATSPN2TA GREATSPN2TAclock

SR4 22907loc 5136loc 7327loc 5136loc
4 clocks 33clocks 4 clocks 8 clocks
4.30s 3.86s 2.63s 2.08s

Philo4 4406loc 322loc 1161loc 322loc
6 clocks 17clocks 6 clocks 8 clocks
1.50s 0.16s 0.11s 0.07s

Timing1slw−10 6.7 s 6.2 s 0.11s 0.07s
Timing1slw−100 > 300s > 300s 0.11s 0.07s
Timing1slw−1000 > 300s > 300s 0.11s 0.07s
P6C7 11490loc 449loc n.a. 896loc

3 clocks 21clocks n.a. 13clocks
3.44s 4.70s > 300s 1.24s

Oex15 1048loc 360loc 625loc 625loc
4 clocks 17clocks 4 clocks 4 clocks
0.36s 0.63s 0.12s 0.11s

Oex15cycle 3510loc 256loc 369loc 256loc
4 clocks 17clocks 4 clocks 4 clocks
3.10s 7.9 s 0.07s 0.06s

Timingdisjoint 7.8 s 32.5 s 0.07s 0.06s
Timingoverlapping 4.7 s 32.7 s 0.07s 0.06s
Timingcontained−LFT 4.8 s 25.9 s 0.07s 0.06s

Table 1.Experiments results for GPN, MERCUTIO, GREATSPN2TA, and GREATSPN2TAclock.

GREATSPN2TAclock column. As expected, the number of locations is smaller in
MERCUTIO (which is optimal in this respect), but its execution times can be much
worse, especially when changing transition timings.

6 Conclusions

In this paper we have presented a method to translate a TPN to aTA by exploiting
reachability of the underlying untimed PN of the TPN. This technique has a disadvan-
tage that the untimed PN can be unbounded, even if the TPN is bounded; to address
this issue, we have described an empirical method for bounding the PN using com-
plementary places, and then checking if this bound is too restrictive. The experimental
results show that the computation time used by our method is competitive for a number
of classes of system, and the produced TA generally offer a good compromise between
the number of locations and the number of clocks. In future work, we plan to address
methods for obtaining information about bounds on the number of tokens in places of
the TPN, which can then be used in our approach based on complementary places. We
also intend to implement a translation to UPPAAL TA (which requires a translation of
the MCTA, which has clock renaming, to an equivalent TA without renaming [7]), and
to consider the use of clock reduction, as implemented in model-checking tools for TA,
in the context of our technique.
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