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Abstract— We study some control synthesis problems on
an extension of Time Petri Nets that model a plant and its
environment. The Time Petri Net control model both represents
controllable and uncontrollable events, the problem is then to
design a function (controller) such that a given property is
fulfilled. We focus our analysis on safety properties expressed on
the markings of the net and we propose a symbolic method to
decide the existence of a controller that ensures these properties.
Unlike existing methods on Time Petri Nets, that assume the net
is bounded, the method is applicable for any Time Petri Nets.
A consequence is that it is possible to decide the existence of a
controller that k-bounds the plant. A method is then proposed
to build a state-based controller and problems raised by the
implementation (Zenoness, sampling) of the control function on
the plant are discussed.
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INTRODUCTION

The Supervisory control theory, firstly developed by Ra-
madge and Wonham [1], provides a general framework to
solve the control problem for Discrete Event Systems. Unlike
the model-checkingproblem in which systems are mainly
represented as standalone system (open-loopsystems), the
control framework models the interaction between a system
and its environment. The problem is to design an agent
(frequently namedcontroller, supervisor or strategy) that
ensures a given specification is valid whatever the behavior
of the system is (closed-loopsystem).

In a real-time framework, the plant is modeled using
discrete or continuous clocks. Whereas time discretization
generally aims at transforming the model into a Discrete
Event System, the state-space of a dense-time model is
infinite. Consequently, symbolic methods (time abstractions)
were developed to study such systems. They were applied
to Time Petri Nets [2] and Timed Automata [3] for model-
checking [3]–[5] or control synthesis [6]. Unlike Timed
Automata which have a finite discrete state-space structure
(localities), the set of reachablemarkingsof a Time Petri
Net is generally infinite and this property is undecidable [7].
Consequently, to our knowledge, all Time Petri Nets results
only hold for bounded Time Petri Nets and generally only

for Time Petri Nets with asafe untimed structurei.e. no
more than one token by place, reducing so the expressiveness
offered by Time Petri Nets.

Since the goal of the control synthesis is to provide a
function to be implemented on the plant to be controlled, the
implementability of the control function has to be studied ac-
curately. Two main problems are raised when implementing
a control function:non-Zenonessandsampling. A system is
said to beZenon if it can perform infinitely many discrete
actions that can prevent time from diverging (in a null time
for instance). Such systems are not implementable in practice
and conditions to ensure thenon-Zenonessmust be found.
On the other hand, a real controller is not generally a dense-
time controller: the system is sampled and the controller get
input values (sensors, clocks values) from the plant to be
controlled at these sample times. Consequently, the problem
of the existence of a sampled controller has to be solved.

Related Works

Petri Nets: The control theory provided by Ramadge and
Wonham [1] not only applies to Finite State Machine but to
any formalism that models a Discrete Event System. Petri
Net Generators(labeledPetri Nets) were then introduced to
model Discrete Event System and benefit from the Ramadge
and Wonham control framework. However, Petri nets are
generally used to describe a system by its state (markings)
rather than its language and the control specification is
expressed on the reachable markings. Generalized Mutual
Exclusion Constraints(GMECs) [8], [9] were introduced to
formalize properties on the markings of a Petri net. Several
solutions were proposed to solve a control problem expressed
using GMECs. Holloway and Krogh [10], [11] proposed an
efficient method using both off-line and on-line computation
for a class ofsafe marked graph. Li and Wonham [12], [13]
developed anInteger Programming Problem(IPP) equivalent
to the control synthesis ofVector Discrete Event Systems
that are an equivalent model to Petri Nets. However, since
IPP is an open problem the method is not realizable for real
systems. Giuaet al. [8] and Moodyet al. [14], [15] proposed
a solution to the GMECs problem usingmonitorsto synthe-
sise a Petri Net that models the closed-loop system. Their



works differ in the property ofmaximally permissivenessof
their closed-loop systems: Moodyet al.developed a solution
that does not necessarily compute a maximally permissive
controller.

Timed Automata:Recent researches have presented sym-
bolic control synthesis algorithms for Timed Automata.
In [16], Wong-toi and Hoffman proposed to solve the syn-
thesis control problem by discretizing the Timed Automaton
and applying the classical framework for Discrete Event
Systems. However, this method suffers from a combinatorial
states number explosion due to the time discretization. In [6]
Maler et al. use a game approach to compute a strategy
without needs of discretization for reachability or safety
control requirements. A state-base controller can then be
extracted in the form of a Timed Automata. This method
was generalized or extended to other models (Infinite State
Games, Hybrid Automata, Priced Timed Automata).

Time Petri Nets: Despite active researches for untimed
models, few studies are available to our knowledge for the
control synthesis problem.

Sathaye and Krogh [17], [18]:They define a control
extension of Time Petri Nets (Controlled Time Petri Nets)
whose transitions are divided into untimed controllable and
uncontrollable transitions. They assume the Petri net is safe
and non-zenoby imposing each transition to be fired after
a strict positive delay. They extend the classical State Class
Graph of Berthomieu and Diaz [4] to a Control Class Graph.

Chen and Hanish [19]: They propose to compute a
state-based controller for safe arc-time Petri nets based on
predicate invariance. This method inspired by the approach
of Maler et al. [6] consists in iteratively computing symbolic
states verifying the requirements. In a first time, the control
specification is given as a linear predicate on markings and
clocks valuations, then, requirements are extended to labeled
arc-time Petri nets.

Our Contribution

In this paper, we consider Time Petri Nets for which
reachability and boundedness are undecidable. We provide
a more general control model for Time Petri Nets than the
ones in [17], [19]. A symbolic method based on the notion
of controllable predecessors [6] is then shown to prove the
decidability of some safety control problems. The controller
is synthesized as a function over the state space. The question
of the implementability of the function on a real plant is
finally discussed (zenoness and sampling).

I. T IME PETRI NETS

In a first time, we recall the definition and semantics of
Merlin’s Time Petri Nets [2].

A. Definition

Time Petri nets (TPN) are a time extension of classical
Petri nets. Informally, with each transition of the net is
associated a clock and a time interval. The clock measures
the time since the transition has been enabled and the time
interval is interpreted as a firing condition: the transition may

fire if the value of its clock belongs to the time interval. If the
clock reaches the upper bound of the interval, the transition
has to fire.

Formally:
Definition 1 (Time Petri Nets):A Time Petri Net is a tu-

ple N = (P, T,•(.), (.)•, α, β,M0) defined by:

• P = {p1, p2, . . . , pm} is a non-empty finite set of
places,

• T = {t1, t2, . . . , tn} is a non-empty finite set of
transitions,

•
•(.) : T → INP is the backward incidence function,

• (.)• : T → INP is the forward incidence function,
• M0 ∈ INP is the initial markingof the Petri Net,
• α : T → Q≥0 is the function givingthe earliest firing

timesof transitions,
• β : T → Q≥0 ∪ {∞} is the function givingthe latest

firing timesof transitions.

A Petri Net markingM is an element ofINP such that
for all p ∈ P , M(p) is the number of tokens in the placep.

A marking M enables a transitiont if : M ≥• ti. The set
of transitions enabled by a markingM is notedenabled (M).

A transition tk is said to benewly enabledby the firing
of a transitionti if M −•ti + t•i enablestk andM −•ti does
not enabledtk. If ti remains enabled after its firing thenti
is newly enabled. The set of transitions newly enabled by a
transitionti for a markingM is noted↑enabled (M, ti).

v ∈ (IR≥0)
T is a valuation of the system.vi (also noted

v (ti)) is the time elapsing since the transitionti has been
newly enabled.0 represents the nul valuation.

B. Semantics

The semantics of a Time Petri Net is defined as a Timed
Transition System. Firing a transition is a discrete transition
of the Timed Transition System, idling in a marking, the
continuous transition.

Definition 2 (Semantics of a Time Petri Net):The
semantics of a Time Petri Net is defined by the Timed
Transition SystemS = (Q, q0,→):

• Q = INP × (IR≥0)
T

• q0 = (M0, 0)
• →∈ Q × (T ∪ IR≥0) × Q is the transition relation in-

cluding a discrete transition and a continuous transition.

The continuous transition(M,v)
d
−→ (M,v′) is defined

∀d ∈ IR≥0 iff :
{

v′ = v + d

∀k ∈ [1, n], M ≥• tk ⇒ v′
k ≤ β(tk)

The discrete transition(M,v)
ti−→ (M ′, v′) is defined

∀ti ∈ T iff :


















M ≥• ti ∧M ′ = M −•ti + t•i
α(ti) ≤ vi ≤ β(ti)

∀k ∈ [1, n] v′
k =

{

0 if tk ∈↑enabled (M, ti)

vk otherwise

We noteReach(N) the set of reachable markings of a
Time Petri NetN and forX ∈ Q,M(X) the set of distinct



markings ofX. A run ρ of a Time Petri Net is a path in
the Timed Transition System starting fromq0 and ending in
a stateq ∈ Q (q0 → q1 → · · · → qn = q). We noteQ+ the
set of runs of a Time Petri Net.

C. Main theorems

We recall in this section some main definitions and decid-
ability results for Time Petri Nets.

Theorem 1 (Reachability [7]):Given a Time Petri NetN
with initial marking M0 and a markingM , the existence of
a runρ such thatM0

ρ
−→M is undecidable.

Definition 3 (Boundedness):A Time Petri Net N is
boundedif it exists an integerk such that for all reachable
markingM, ∀p ∈ P M(p) ≤ k.

Theorem 2 ([7]): The boundedness of a Time Petri Net is
undecidable.

In particular, the boundedness of the underlying untimed
Petri net is only a sufficient condition of boundedness. There
exists bounded Time Petri Nets whose underlying untimed
Petri net is not bounded. In the remaining of the paper we
will consider Time Petri Net not necessarily bounded.

Definition 4 (k-boundedness):A Time Petri NetN is k-
bounded fork ∈ IN if for every reachable markingM ,
M(p) ≤ P ∀p ∈ P .

Theorem 3 ([4]): The k-boundedness is decidable.

However, the state space of the Time Petri Net must be
built to decide if it isk-bounded for a given value ofk. A
method will be proposed in section 3 to build a controller
ensuring the boundedness of the closed-loop system.

II. CONTROL SYNTHESIS PROBLEMS FORTIME PETRI

NETS

In this section, we present our Time Petri Net control
model as well as some control problems.

A. Control model for Time Petri Nets

As usual, the set of transitions is partitioned intocontrol-
lable (Tc) and uncontrollable (Tu) transitions:T = Tc ∪
Tu, Tc ∩ Tu = ∅. Uncontrollable transitions model actions
of the plant that can occur at any time whereas controllable
transitions both model: (1) plant’s actions that can be forced
at a given time or (2) actions specific to the controller
(alarm...). In [20], an other classification of transitionsis
proposed:prospective (bounded upper time) andremote
transitions (unbounded upper time). This classification is
used in [19] by assuming that all prospective transitions
are uncontrollable. In [19], no time interval is associated
with a controllable transition: if an enabled control transition
is chosen by the controller the transition is instantaneously
fired.

Our model assumes that prospective transitions may be
controllable or not and that controllable transitions are as-
sociated with a time interval. This more general framework
allows to represent different type of transitions:

• uncontrollable transitions,

• totally controllable transitions: they are associated with
the interval [a,∞[, a ∈ Q≥0, which means that the
controller can choose to never fire the transition,

• partially controllable transitions: they are associated
with a bounded time interval[a, b] (remote transitions),
which means that the controller can select some good
subintervals to fire the transition but can not delay the
firing forever.

Finally, we do not suppose the Time Petri Net to be safe
[17]–[19] or bounded .

B. Controller

In its more general form, the controller is defined as a
function over the set of runs of the Time Petri Net.

Definition 5: A Time Petri Net controller is a partial
function S : Q+ → 2Tc ∪ {λ}.

The special actionλ represents a special action that
consists in letting the environment evolve on its own without
action from the controller.λ is defined as follows:

∀q ∈ Q+, (λ ∈ S(q)) =⇒ (∃t > 0 | ∀δ < t, λ ∈ S(q+δ))

i.e. there exists a strict positive amount of time meanwhile
the controller can wait and let the plant evolve on its own.

At any stateqn = (M,v), according to the traceρ =
(q0 → q1 → · · · → qn) ∈ Q+ leading to that state, the
controller chooses whether to fire a controllable transitions
or not (λ).

The controller is non-deterministic: a control action is
randomly chosen into the set of possible actions.

Definition 6 (State-based controller):A controller is
state-based(also namedmemory-freeor feedbackcontroller)
if S : Q → 2Tc ∪ {λ}, that is, only the current state of the
system is needed to control it.

The closed-loop system obtained by applying the con-
troller S to the Time Petri NetN is notedS/N .

C. Semantics

The semantics of the closed-loop system is defined as a
Timed Transition System:

Definition 7 (Semantics of the closed-loop system):Let
N be a Time Petri Net andS a control function. The
semantics of the closed-loop system is defined by the Timed
Transition SystemS = (Q, q0,→):

• Q = INP × (IR≥0)
T

• q0 = (M0, 0)
• →∈ Q × (T ∪ IR≥0) × Q is the transition relation in-

cluding a discrete transition and a continuous transition.

The continuous transition(M,v)
d
−→ (M,v′) is defined

∀d ∈ IR≥0 iff:


















v′ = v + d

∀k ∈ [1, n], M ≥• tk ⇒ v′
k ≤ β(tk)

λ ∈ S(M,v)

∀t ≤ d, λ ∈ S(M,v + t)

The discrete transition(M,v)
ti−→ (M ′, v′) is defined

∀ti ∈ T iff:









































M ≥• ti

M ′ = M −•ti + t•i
α(ti) ≤ vi ≤ β(ti)

∀k ∈ [1, n] v′
k =

{

0 if tk ∈ ↑enabled (M, ti)

vk otherwise

ti ∈ S(M,v) ∨ ti ∈ Tu

D. Control Problems

In Petri Nets and Time Petri Nets frameworks, properties
are focused on markings and mainly safety properties. We
consider control specifications given as finite sets of mark-
ingsMc in which the system must stay in, whatever the
environment acts.

Definition 8 (Safety control problem (1)):Given a Time
Petri NetN and a finite set of markingsMc, does it exist
a controllerS such thatReach(S/N) ⊆Mc?

Since exhaustive enumeration of reachable markings is
costly (state space computation), the specification can also be
expressed using Generalized Mutual Exclusion Constraints
(GMECs) [9].

Definition 9 (GMEC): Let N be a Petri net with a set
of places P , −→w : P → ZZ a weight of integers and
k ∈ ZZ a constant. A single Generalized Mutual Ex-
clusion Constraint(−→w , k) defines a set of legal markings
on N M(−→w , k) =

{

M ∈ Reach(N) | −→w T .M ≤ k
}

. A

set of GMECs (W,
−→
k ) with W = [−→w1 . . .−→wr] and

−→
k =

(k1 . . . kr)
T , defines a set of legal markingsM(W,

−→
k ) =

{

M ∈ Reach(N) | WT .M ≤
−→
k

}

.

Definition 10 (GMECs control problem (1)):Let N be a
Time Petri Net and(W,

−→
k ) a set of GMECs, does it exist a

controllerS such that for allM ∈ Reach(S/N), WT .M ≤
−→
k ?

Definition 11 (k-boundedness problem):Let N be a Time
Petri Net andk an integer, does it exist a controllerS such
that S/N is k-bounded?

This is a particular case of the GMECs control problem
with

−→
W = (1 . . . 1) and

−→
k = (k . . . k).

III. C ONTROLLABILITY

The existence of a controller (and its synthesis) is solved
using a backward fixpoint algorithm that computes con-
trollable statesi.e. states from which only safe states are
reachable under the action of the controller. This computation
of controllable safe states is based on the definition of
controllable predecessors [6].

A. Preliminaries: Controllable Predecessors

Let X ⊆ Q be a set of states of a Time Petri NetN . The
set of controllable predecessors ofX is defined by:

π(X) = {q ∈ Q | ((∃δ ∈ IR≥0, t ∈ T, q′ ∈ X q
δ
−→

t
−→ q′)

∨ (∃δ ∈ IR≥0, q
′ ∈ X q

δ
−→ q′))

∧∀δu ∈ IR≥0 if ∃tu ∈ Tu, q′u 6∈ X q
δu−→

tu−→ q′u

then∃δc < δu, tc ∈ Tc, q
′
c ∈ X q

δc−→
tc−→ q′c}

Informally, q is a controllable predecessor ofX iff:

• a stateq′ of X is reachable by time elapsing and firing
of a transition (figure 1),

• for any uncontrollable transition diverging fromX, the
controller can take a decision at an earlier date to
constraint the system inX (figure 2).

q

q′ ∈ X

q′′ ∈ X

u

c

Fig. 1. Discrete predecessors

q q′′ q′ ∈ X

q′′ ∈ X

u

δ′ δ − δ′

Fig. 2. Controllable time predecessors

Now, let S ⊆ Q, we consider and noteAs(S) the semi-
algorithm that computes the greatest fixpoint ofπ(X), i.e.
the set of all states that are controllable safe predecessors of
S.

Algorithm 1 As(S)

X0 ← S
repeat

Xi+1 ← Xi ∩ π(Xi)
until Xi+1 = Xi

B. Decidability Results

In this section, we prove the decidability of the control
problems presented in section 2.

First, we noteR∗ the set ofregions[3]. This set of regions
defines a finite partition ofIRT

≥0 and was used to prove the
decidability of TCTL model-checking on Timed Automata
by Alur and Dill [3].

We first prove the following lemma:

Lemma 1:Given a Time Petri NetN andX ⊆ INP ×R∗

a finite set of couples (marking, regions) then, if the set of
distinct markings ofX (M(X)) is finite :

1) π(X) is a finite set ofINP ×R∗.
2) π(X) is defined overPreT (M(X)) × R∗ where
M(X) is the set of markings ofX and PreT (Y )
the set of markings from which a marking ofM(X)
is reachable by the firing of a transition ofT
(PreT (Y ) = {M ∈ INP | ∃t ∈ T,∃M ′ ∈ Y M −•t+
t• = M ′}).

Proof: SinceM(X) and T are supposed to be finite
sets,PreT (M(X)) is a finite set of markings.

Let r ⊆ R∗ be a finite set of regions, it was proven in
[21] that π(r) can be expressed as a finite subset ofR∗.

Consequently,π(X) is a finite set ofINP ×R∗.
We can then prove the following theorem :

Theorem 4 (Safety Control Problem):The existence of a
solution to theSafety Control Problemis decidable.



Proof: Let S ⊆ INP × R∗ a finite set of safe states.
π(X) is a monotone function (X1 ⊆ X2 ⇒ π(S1) ⊆ π(S2))
and according to lemma 1, all elements((π(Xi))i are defined
over the finite domainPreT (M(X)) × R∗. Consequently,
the fix-point algorithm terminates in a finite number of steps.
If the set of initial statesQ0 intersects the solutionX∗ then
there exists a controller that ensures the system stays in the
setX∗.

It immediatly follows that :

Corollary 1 (GMECs control problem):Let N be a Time
Petri Net and(W,

−→
k ) a set of GMECs defining a finite set

of markings, the GMECs control problemis decidable.

Corollary 2 (GMECs control problem):Let N be a
bounded Time Petri Net and(W,

−→
k ) a set of GMECs, the

“GMECs control problem” is decidable.

Corollary 3 (k-boundedness):Given a Time Petri NetN
and an integerk, the existence of a controllerS such that
S/N is k-bounded is decidable.

Proof: It suffices to consider the GMEC that bounds by
k all the markings and to use the corollary 1.

It has to be noted that a control requirement expressed
using forbiddenmarkings (i.e. states to avoid) is also solved
by this method. In this case,As is generally a semi-
algorithm since backward reachability does not necessarily
end. However if the Time Petri Net is bounded, it falls back
into the scope of theorem 4.

IV. CONTROL SYNTHESIS

This section is dedicated to the synthesis of astate-
based controller. Under the hypothesis of the existence of
a controller given byAs, the control function is extracted
from the set of states computed by the algorithm.

A. Synthesis of a feedback controller

Theorem 5 (Synthesis of a controller):If As converges,
there exists astate-based controllerS that ensures the control
specification.

Proof: Let X∗ be the solution ofAs. We noteX∗
|M the

set of states associated with the markingM : X∗
|M = {q′ =

(M ′, v′) ∈ Q | M ′ = M}.
For each marking of the solutionX∗ we compute the

control function as follows:

for all M ∈ X∗ do
for all M ′ ∈ X∗ | M

t
−→M ′ t ∈ Tc do

D = X∗
|M ∩ Predδ(Predt(X

∗
|M ′))

∂D = {v ∈ D | ∃t > 0, v + t ∈ D}
S(D \ ∂D) = S(D \ ∂D) ∪ {t, λ}
S(∂D) = S(∂D) ∪ {t}

This algorihtm computes for each marking the subset of
the set of controllable predecessors for which controllable
transitions can be safely fired.

• •P1 P2

P3P4

T1[0, 4] T2[2, 3]

T3[1,∞[ T4[0, 1]

Fig. 3. Example

X2

X1

X3

X4

X1

11

11

1 4 1 3

T1

T1

4

3

Marking: (1,1,0,0) Marking: (0,1,0,1)

Marking: (1,0,1,0) Marking: (0,0,1,1)

X3

X2

Fig. 4. Control function

B. Example

We consider the TPN of the figure 3 for which only
the transition T1 is controllable. The property want to
ensure is that the transitionT3 is never fired. One can
see that this property can be expressed as a safety prop-
erty on markings : if the transitionT3 is fired, the to-
ken moving from P1 to P4 disappeared. If the transi-
tion T3 is never fired, there are always two tokens in
the net. Then, the corresponding safe set of markings
is: {(1, 1, 0, 0), (1, 0, 1, 0), (0, 0, 1, 1), (0, 1, 0, 1)}. The con-
troller must ensure this specification and control the firing
of T1 to prevent the firing ofT3

In a first time the set of controllable predecessors of the
set of safe markings is computed and illustrated in the figure
4 (in grey) (table I). Let us recall that these sets of states
represent the states of controllable predecessors solution of
the fix-point algoirthm, that is, states of the Time Petri Nets
for which there exist a solution for a controller to enfore
the system in the safe set of markings. A additional step is
needed to extract from these sets of controllable predecessors
a control function ensuring the control requirement. Indeed,
at marking(1, 1, 0, 0) the transitionT1 can be fired at time
0 whereas its firing would unavoidably lead to the firing of
T3.



Marking Clocks valuations
(1, 1, 0, 0) 0 ≤ X1 ≤ 4 ∧ 0 ≤ X2 ≤ 3
(0, 1, 0, 1) X2 ≤ 3 ∧ X3 ≥ 0 ∧ X2 > X3 + 2
(1, 0, 1, 0) 0 ≤ X1 ≤ 4
(0, 0, 1, 1) X4 = 0 ∧ X3 ≥ 0 ∧ X3 < 1

TABLE I

CONTROLLABLE PREDECESSORS

Marking Clocks valuations Control Function
(1, 1, 0, 0) 2 < X2 < 3 ∧ 1 ≤ X1 < 4 {λ, T1}
(1, 1, 0, 0) (X1 = 4 ∧ 2 < X2 ≤ 3) ∨ (X2 = 3 ∧ 1 ≤ X1 ≤ 4) {T1}
(1, 0, 1, 0) 0 ≤ X1 < 4 {T1, λ}
(1, 0, 1, 0) X1 = 4 {T1}

TABLE II

CONTROL FUNCTION

The control function is extracted from this set of states
using the algorithm of theorem 5 : it extracts from the set
of controllable predecessors, states that effectively lead to
a safe state by the firing of a controllable transition. For
instance, firing the transitionT1 in the marking(1, 1, 0, 0) at
time X1 = 0 is not allowed since it wouldn’t generate a state
belonging to the set of controllable predecessors computed
for the marking(0, 1, 0, 1).

The regions in black in the figure 4 (table II) represents
the set of states in which the transitionT1 is enabled by the
controller.

V. I MPLEMENTATION

A. Zenoness

In a time framework, time blocking (zenoness) is an
important issue. A Time Petri Net iszenoif there exists an
infinite sequence of transitions (in a null time for instance)
that prevents time from diverging.

Since no hypothesis were made on the Time Petri Net
used to model the studied plant, it may contain zeno runs.
Consequently, the control function may also generate zeno
runs. This is all the more problematic that zeno runs may be
the only solution for the system to be controllable.

Let us consider the Time Petri Net of the figure 5.T1 is
controllable andT2 is not.

• •P1 P2

T1[0, 4] T2[2, 3]

Fig. 5. T-TPN with zenon runs

The control specification is that the system always remain
in the marking(1, 1) i.e. T2 is never fired.

To ensure the property, the controller will constraint the
firing of T1 to [0, 2[. Then, there exists a set of zeno runs
that prevent the clock ofT2 from reaching 2.

If a non-null earliest firing time∆ is provided forT1, then
no controller exists: at each firing ofT1, the clockT2 grows

at least of∆ and unavoidably reach 2 after a finite number
of T1 firings.

Detecting zenoness is then important to study if the control
function is implementable on a plant.

Theorem 6 (Sufficient Condition for non-zenoness (1)):
If the Time Petri Net is such that all earliest firing dates are
non-null then, if a controller exists, it is non-zeno.

The proof is straightforward since the set of runs ofS/N
is included in the one ofN .

As zenoness is decidable for bounded Time Petri Net [22],
the following less restrictive sufficient condition holds:

Theorem 7 (Sufficient Condition for non-zenoness (2)):
If a bounded Time Petri Net is non-zeno then, if a controller
exists, it is non-zenon.

Under the hypothesis of a zeno Time Petri Net, the
controller may be studied to detect the existence of zenon
path. IfS/N is non-zeno the controller may be implemented.

B. Sampling Control

The control function built in this paper is state-based and
non-deterministic: given the current state of the plant, the
controller chooses a control action among the possible ones
suggested by the control function.

Although a Time Petri Net models a real-time plant,
the control function is generally not implemented by a
continuous function: clocks variables and the state of the
system is not monitored continuously. The plant is sampled
at a fix rate and the controller takes a decision at those
sample times according to the current inputs. We suppose
the controller response to be instantaneous (relatively tothe
time constant of the plant).

Given a value of the sample rate∆, the problem is then
to state about the existence of a controller that must take a
decision each∆ time units. Unlike a full sampled approach
by time discretization to the control synthesis that suffers of
a states number explosion, the symbolic method developed in
this paper allows to state about the existence of a dense-time
controller. A discrete method can then be used to determine
a new controller or extract a sampled controller from the
dense-time controller.



Since the control function is non-deterministic, two main
approaches may be followed to implement the control on the
plant:

• Synchronous. The control implementation enables the
firing of all control actions that can occur in a null time.

• Sampled Asynchronous. The control implementation
enables only a control action at each sample time.

All behaviors between synchronous and asynchronous
are also realizable and dependent of the plant: a set of
synchronous transitions can be fired in a null time way
whereas a strict positive amount of time must separate two
transitions of a sampled asynchronous set of transitions.

This method can be the used in a design process by
refinement. The plant is modeled by a dense-time model
(Time Petri Net) and its controllability with respect to a
safety property is decidable at a low cost in comparison to
model that would analyze the sampled system.

We can sum-up our results in the following theorem:
Theorem 8 (Sampled Controller):Given a plantP , ∆ a

sampled rate and a behaviorB of P , the existence of a∆-
sampled controller that ensures a safety property is decidable.
The ∆-sampled state-based controller can be computed and
is implementable on the plant.

CONCLUSIONS

We present a method for the control synthesis of state-
based controllers for Time Petri Nets that ensures a safety
property on the set of markings of the net. Unlike existing
methods, the proposed one is applicable to unbounded Time
Petri Net and we prove that given an integerk and a Time
Petri Net, it is possible to build a state-based controller that
k-bounds it. In the case of an unbounded specification (for
instance using a requirement expressed by forbidden states),
our method provides a semi-algorithm for control synthesis.

Some solutions were proposed to solve the problems raised
by the implementation of the control function on a real plant
and we show how this method may be integrated in a top-
bottom analysis of the system. A prototype was implemented
to test the method and will be soon integrated into our Time
Petri Net tool Romeo [23].

Control requirements expressed as a safe set of markings
(or states) of the Time Petri Net may be not sufficient for a
system designer: some language requirements are sometimes
needed to express the properties of a system. We think
the method is scalable to properties expressed as a Time
Petri Net and are involved in this research. Besides, the
question about the existence of a∆-sampled controller (∆
not known a priori) is still pending. Finally, an extension
of the work to control synthesis with partial observability
should be explored.
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