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1. Introduction

Petri nets (PN) (David & Alla, 1994 ; Murata, 1989) are recognized as an appropriate tool for
the modeling and analysis of asynchronous, discrete event systems with concurrency.
Originally proposed as a causal model explicitly neglecting time, they have been extended
and adapted in several ways in order to fulfill the requirements of specific application areas
(Vand der Aalst, 1993 ; Diaz & Senac, 1994 ; Khansa, et al. 1996 ; Merlin & Faber, 1976 ; Roux
& Déplanche, 2002).

In particular for systems whose functionalities are defined with respect to time (Berthomieu
& Diaz, 1991 ; Bonhomme, 2006 ; Bonhomme et al., 2001 ; Bucci & Vivario, E., 1995 ; Calvez et
al., 2004 ; Jiroveanu et al., 2006 ; Wang et al., 2000) and whose correctness can only be proved
by taking time into consideration, PNs are extended with two time parameters representing
the minimum and the maximum delay. For Merlin’s model (Merlin & Faber, 1976), also
called T-time Petri nets or time Petri nets (TPN on short), this interval of firability is
associated with each transition of the model representing its static earliest and latest firing
time. For P-time Petri nets (P-TPN) (Khansa, et al. 1996), each place is associated with a time
interval representing the operation duration of a token in this place. To ensure the safe
behavior of such systems there is a need for formal approach to model and analyze their
correctness.

The idea behind the control concept is to ensure that the system satisfies a set of imposed
specifications, its behavior is then restricted to an acceptable one. From a supervisory
control point of view, it means that the system never enters a forbidden state or, being given
a set of legal words (a set of firing sequence), no illegal word is generated. Inspired by the
well-known event-feedback control of Ramadge and Wonham (Ramadge & Wonham, 1989),
recently, (Guia et al., 2004) proposed a state-feedback control with event observer and initial
macromarking (the distribution of the tokens is partially known). The safety specifications
under consideration is the limitation of the weighted sum of markings in subsets of places of
the studied PN, called generalized mutual exclusion constraints (GMEC). In their approach,
they focus on T-timed Petri nets and developped a control scheme with a deadlock recovery
procedure by means of observers.
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164 Petri Nets: Applications

Concerning time models many control techniques are based on linear algebra and thus, are
restricted to subclasses of PNs (such as marked graphs, state machines, ...). Similarly,
(Freedman, 1991) proposed the structural analysis of a subclasss of T-time Petri nets called Q
which are either deterministic or exhibiting a particular type of conflict called choice among
alternatives. (Sathaye & Krogh, 1998) proposed an extension of T-time Petri nets called
controlled time Petri nets (CtITPNs) to model the dynamics of real-time discrete event
systems. To fully represent the logical behavior of CtITPNs control class graphs (CCGs) are
also defined. Thanks to this graph (which is an extension of the state classes graph of
(Berthomieu & Diaz, 1991) dealing with the control effects) a real-time supervisor, based on
a nondeterministic logical supervisor for the CCG, is designed ensuring that the desired
specifications are satisfied. However, the method is restricted to bounded CtITPNs for
which a finite CCG exists. More recently, an original approach (Wang et al., 2007) based on
PN unfoldings was proposed to enforce transitions deadline in TPN but only safe models
are considered.

This paper introduces a new control approach based on the analysis of the P-time Petri Net
model structure and more specifically on the set of feasible firing sequences of the
underlying untimed Petri net. Furthermore, the proposed approach is not restricted to sub-
classes or safe time Petri nets. So, thanks to the determination of an inequalities system
generated for a possible evolution of the autonomous model considered, the performances
evaluation and the determination of an associated control for a definite functioning mode
for the time model are made possible. Thanks to the introduction of partial order on the
execution of particular events the developed approach of control is more reactive. Indeed, it
is proposed to not impose precedence constraints among operations which can occur
concurrently, leading to a flexibility gain (on the operations) in the determination of a
feasible control as the scheduling of particular events can be modified. It can be noticed that
the idea of not considering the firing order into the timing constraints, for concurrent events,
was proposed by (Lilius, 1999). Thanks to a new semantics for time PN, the application of
partial-order theory, originally developed for untimed Petri nets, is made possible for TPN.
However, its method is restricted to contact-free TPN.

Moreover, the inequalities system is written just once, (it can be done for symbolic values -
the inequalities are then written in terms of all the parameters, symbols other than
numerics) so, changing the timing constraints do not modify its form and its non-emptiness
can also be used to answer questions about reachability of particular markings.

The paper is organized as follows: an informal discussion of the introduction of time in Petri
nets is realized in the next section. A formal definition of P-time Petri nets is given in the
third one. Section four recalled the material required for the approach, originally devoted to
an exhaustive simulation purpose. The proposed approach is then presented in section five
and an illustrative example consisting in the supervision of a control distributed in several
Programmable Logic Controllers is proposed in the sixth one.

Finally, in the last section some conclusions and future work are presented

2. Petri nets and time

It is assumed, in the following, that the reader is familiar with Petri nets. If it is not the case,
please refer to (Murata, 1989) for the basic definitions and terms. There exists several
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extensions of Petri nets dealing with time in the literature, each one being dependent on the
application considered and are aimed at expressing different types of constraints.

The introduction of timing issues in Petri nets drives to several extended models. The first
extension of PN with time was introduced by Ramchandani (Ramchandani, 1973). In his
model, called T-timed PN, a delay is associated with each transition representing the
duration of an operation. They have been extensively used in a performances evaluation
context (Zuberek, 2000). Another timed model proposed by Sifakis (Sifakis, 1977), called p-
timed PN associates to each place of the net a delay representing the sojourn time of a token
in this place. It was demonstrated that both models are expressively equivalent.

In the timed models a token can wait indefinitely in a place. Indeed, a transition is not
forced to fire unless the decision to fire it is explicitely made. Consequently, they are not
suitable for the modelling of time critical systems, for which a minimum and a maximum
sojourn time are imposed.

Among the time models, the Merlin’s model is the most commonly used but others time
models, dealing with operation durations specified as intervals, can be found in the
literature.

Van der Aalst (Van der Aalst, 1993) proposed the interval timed coloured Petri net (ITCPN),
its main feature is the time mechanism associated with each token of the net. Indeed, in this
model a timestamp is attached to every token. This timestamp indicates the instant at which
a token becomes available. The enabling time of a transition is the maximum timestamp of
the tokens to be consumed. Transitions fire as soon as possible and the transition with the
smallest enabling time will fire first. Firing is an atomic action which produced tokens with
a timestamp of at least the firing time. The difference between the firing time and the
timestamp of such a produced token is called the firing delay and it is specified by an
interval.

t1 t
[1,2] [3, 5]
p1 P2

13—

Fig. 1. Portion of ITCPN

For instance, consider the portion of ITCPN above, if transition t; is fired at time 0, its firing
creates the token in place p; with a timestamp within the interval [1, 2]. So, the token
contained in place pi, which input the synchronization transition t3, can wait indefinitely
because this transition will be forced to fire only when the token created by the firing of
transition t, will become available (at the time: (firing instant of #;) + x, with x € [3, 5]). To
avoid the previous situation, a transformation can be realized and it drives to the
representation shown in Fig. 2.
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166 Petri Nets: Applications

Furthermore, it must be specified that when a conflicting situation occurs the priority is
given to the firing of transition t3, but this particular policy contradicts the fact that the
transition with the smallest enabling time should fire first.

t1

Fig. 2. Transformation of ITCPN.

Time stream Petri nets (TSPN) (Diaz & Senac, 1994) was presented as an extension of the
Merlin’s model aiming at specifying synchronization constraints in distributed
asynchronous multimedia systems and applications. Informally speaking, in this model a
time validity interval [o;, Bi] is associated to each arc linking a place p to a transition t. This
interval means that if a token arrives in place p at time 1, transition ¢ is force to fire in the
interval [t + o, T + Bi].

The main feature of this model is the representation of several synchronization mechanisms.
Indeed, a complete set of firing rules is proposed to accurately enforce actual
synchronization policies between different and related multimedia streams. The “pure-and”
rule allows to represent satisfactorily the synchronization mechanism but the different
semantics associated with the multiple enabledness of transitions drive to a firing rule
which can be sometimes hard to handle.

Consider the following portion of TSPN where the tokens in place p; and p; are arrived at
time 0. The enabledness intervals of transition t; associated with the three synchronization
modes, strong-or, weak-and and pure-and, are also represented.

(051 Bl
p1 p2 y '
(o)) E B2 E
[ou, PBi] [, B2] < ! > ' strong-or
| < ] p' weak-and
t1 ee— : — ' pure-and

Fig. 3. Time stream Petri net and synchronization.

(Ghezzi et al., 1991) proposed a high-level model called Entity-Relation net (ERN), as the one
developed by Van der Aalst, each token carries a set of informations and each transition is
associated with relations. These relations allow to select the different tokens involved in

the enabledness of particular transitions and they also indicate the type of the tokens which
can be created (depending on the consumed ones).
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k:

t act

P2

Fig. 4. Portion of ER net.

For instance, in Fig. 4, place p1 contains two tokens jet; = {<x, 1>, <y, 1>} and jet> = {<x, 0>,
<y, 1>}, the relation attached to transition t is act = {<p1, p2> | p1.x = p1.y and p2.x = p1.x and
p2.y € {z | pr.y <z < pr.y + pr.x}}. In the previous relation p; means any token in this place (in
this case, either jet; or jetz) and <x, 1> means p1.x = 1. The firing of transition t; is represented
by the expression <pi, t1, p2> or equivalently when it is clear from the context <pi, p>>. The
token jet; is satisfying act while jet; is not, so, the token created by the firing of t; denoted as
p2 will verify po.x =1 and pa.y € [1, 2] and the token jet, will be considered as dead (thus, it
can be removed from the net).

oolOC
11—

1] e— [alz B1] act

Fig. 5. Merlin’s model / Time ER model.

In this model, the time factor can be introduced thanks to a timestamp (denoted as chronos)
associated to each token of the net and representing its creation instant - the time ER model
(TER) is then obtained. Originally, a weak time semantic is associated with this model (i.e.
transitions are not force to fire) but the authors proposed a non trivial transformation rule
allowing to consider a strong time semantic.

For instance, consider the two portions of PN (Merlin’s model / time ER model) depicted on
Fig. 5, both synchronization transitions will have the same behaviour if the transition # of
the TER model is associated with the following relation act:

act = {x | max{pi.chronos, p.chronos} + o < x < max{pi.chronos, po.chronos} + p1}.

In the next section, the chosen modeling tool, the P-time Petri nets is presented

3. P-Time Petri nets

The formal definition of a P-TPN (Khansa et al., 1996) is given by a pair < Nr; I > where:
Nris a marked Petri Net (David & Alla, 1994)

LP—>(Q v {O})X(Q+ u{oo})
pi > Ii=[a;, bj] with 0 <a; < b;
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Where:
P: the set of places of net Nr,
Q*: the set of positive rational numbers.
I; defines the static interval of the operation duration of a token in place p:.

A token in place p; will be considered in the enabledness of the output transitions of this
place if it has stayed for a; time units at least and b; at the most. Consequently, the token
must leave p; at the latest, when its operation duration becomes b;. After this duration b;, the
token will be "dead" and will no longer be considered in the enabledness of the transitions.
Notice that: a dead token is not removed from the place, this token state indicates that a
potential time violation has occurred. As the death of tokens generally occurs in places
which are input places of a synchronization transition an algebraic approach using (min,
max, +) algebra was proposed to check their correct behaviour for P-time marked graphs
(Declerck & Alaoui, 2004).

The particularity of this model requires analysis techniques, allowing taking account
efficiently of the various functionalities associated with the modeled system, as well as its
time features. It leads ineluctably to the need for having formal methods ensuring the
system control. Indeed, the policy consisting in firing a transition as soon as it becomes
enabled is not always feasible and usually leads to a potential constraint violation.

It can be noticed that for P-TPN the contribution of each token present in the net must be
taken into account because it must be prevented from dying whether it participates to the
enabledness of a transition or not. In the Merlin’s model the situation is not the same.
Indeed, consider the following synchronization mechanism for the Merlin’s model depicted

on Fig. 6.
P @ P
ti [a, b]

Fig. 6. Synchronization and T-time PN

The token in place p1 can wait indefinitely and the local clock associated with transition #; is
triggered when a token arrives in place p.
For a net Nr the conventional dot notation which can naturally be extended to set of nodes,
will be used:

- °t (t°) = the set of input (output) places of transition t.

- °p (p°) = the set of input (output) transitions of place p.
The following section is devoted to the control approach, based on the evaluation of the
tiring condition.
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4. Firing instant notion

Definition 1 (Boucheneb & Berthelot, 1993): A fired transition denoted by t; will be
associated with the jth firing instant (i.e. the firing sequence considered is tifats..t;). A
variable x; will represent the elapsed time between the (i - 1)t and the ith firing instant.

firing of t1 firing of t2 firing of t3 firing of t,
0 ¢ ® ¢ ¢ *—

x1 X X3 Xq

Fig. 7. Firing instants illustration

For instance on Fig. 7, (x> + x3) is the time elapsed between the first firing instant and the
third one.

In a P-TPN, the sojourn time (i.e. the amount of time that a token has been waiting in a
place) is counted up as soon as the token has been dropped in the place as seen previously.
Thus, quantitative (i.e. performance) considerations take precedence over qualitative (i.e.
logical) ones, in opposition to Merlin's time PN model. To compute the firing instants, this
approach requires that a token is identified by three parameters: the place that contains it,
the information of its creation instant and the information of its consumption one.
Function TOK is defined with this purpose. When the weight of the P-TPN arcs is element of
N, TOK(j, n) is a multi-set.
For the sake of simplicity, only P-TPN with arcs weight element of {0, 1} are considered here.
Thus:

TOK: N x N* - p(P) (with N* the set of strictly positive natural numbers),

TOK(j, n) = {p € P / p contains a token created by the jth firing instant and consumed by the
nth one in c}.
With:

¢(P) the set of subsets of P,

and o a considered firing sequence.

Several tokens contained in the same place will be differentiated by the values j and n
associated with them. So, it is possible to impose any token management, but in the sequel a
FIFO mode will be considered for the sake of simplicity. Moreover, the determination of
these sets is closely linked to the firing sequence considered.

Fig. 8. lllustration of set TOK

For instance, the firing sequence considered is t;t,¢3. The following sets are obtained:
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170 Petri Nets: Applications

TOK(0, 1) = {p1}, TOK(0, 2) = {ps},
TOK(1, 2) = {pa}, TOK(0, 3) = {p1, pa}.

Using these sets, the minimal and maximal effective sojourn times of each token in its place
are evaluated by:

Dsmin(j, n) = (max(a,), p, € TOK(j,n)
{elseOifTOK(j,n)=@

Dsmax(j, n) = [ min(b), p, € TOK(j,n) -
{else +o0if TOK(j,n)=2

Indeed, tokens, with the same creation instant, located in different places and involved in
the same transition firing may mutually constrained their (static) sojourn time.

For instance, consider the portion of P-TPN depicted in Fig. 8, Dsmin(0,3) = max(0,1) = 1 and
Dsmax(0,3) = min(3,4) = 3 and the initial token in place p4 is affected by the token contained
in place p; as they are involved in the firing of transition 3.

As we are intrested in cyclic behavior, the next paragraph deals with the periodic
functioning mode.

4.1 Time periodic control
The behavior of this mode is fully determined by:

Yk =1, si(k) = si(1) + (k- 1)1 (1)

Where s;(k) is the kth firing date of the transition f; and n the cycle time (or the functioning
period). That means that the times of the first firing of the transitions and the functioning
period are sufficient to entirely describe the periodic functioning mode. So, a periodic time
schedule can be built.

The behavior of a P-TPN can be discribed in terms of a firing schedule.

i
Definition 2: A P-TPN Nr firing schedule, will be a sequence of ordered pairs (¢;, X~ x; );
k=0

i
transition ¢ firable at time ( X xj ), obtained from the state reached by starting from Nr
k=0
initial state and firing the transitions t;, 1 <j < i, in the schedule at the given times. It can be
noticed that in order to facilitate the understanding, it is considered that the studied firing
sequence is the following: ¢ = titsf3.. .1, thus the rth event is related to the firing of transition
t, at the absolute time ¥ X,
k=0

The next section deals with the control approach.
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5. Control approach

5.1 Interval arithmetic

Let I1 = [m1, b1] and I, = [ay, ba], with 0 < a1< b1 <+ and 0< ay < by < +o0. Then [; + I can be
defined as the interval [a; + a2, b1 + by] and 11 - I; as the interval [a; - ay, by - by] if a» < a1 and by
= 1. Let IV be the interval [¢, f], IVmin will represent o and IVmax will represent 4.

In this subsection, for the sake of simplicity, it will be considered that, starting from the
initial state the firing of an enabled transition #; will lead to the state labelled by i (the ith
state).

The principle of the proposed control approach will be first illustrated on the following
simple example.

At the initial state, the interval of availability of each token in place p; DSo(p;) can be
evaluated as follows:

Vpi € TOK(O, .), DSo(pi) = [a;, bi],
and MINy = Dsmax(0, 1),
On the P-TPN model of Fig. 9:

DSo(p1) = [4, 6], DSo(p3) = [3, 5] and MIN() =5,
DSy contains the static intervals of all the tokens initially present in the net and MINy

represents the time after which a time constraint is ineluctably violated leading to the death
of a token.

P1 P3

4, 6@ 3, 5]

t1 * t3

v

P2 O [1, 2]

tzL

Fig. 9. lllustration.

An enabled transition # is said to be fireable if:
t1 is enabled in the autonomous PN sense (i.e. My = Pre(., t;), with M the initial marking)
and
Dsmin(0, 1) < MINj.
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On the P-TPN model of Fig. 9, transition # is fireable because there is one token in place p;
and DS{)nin (p1) <5.

After the firing of transition #1, two situations should be considered:

1. for the newly created token(s) (created by the first firing instant, the firing of transition
t1):
Vpi S TOK(l, .), DS1(pi) =x1+ [ai, bi]/

2. for the token(s) created initially and not involved in the firing of #;:
Vpi € TOK(O, ]),] #1, DS](pi) = [max(x1, ai), bi],
MIN: = min( DS (p;)),Vpi € TOK(0, j) w TOK(1, k), j#1and k > 1.

On the P-TPN model of Fig. 9:
The token created in place p> by the firing of #; (at time x;) will be considered in the
enabledness of transition f, within the interval DSi(p2) = x1 + [1, 2] = [x1 + 1, x1 + 2].
For the token in place ps, created initially and not involved in the firing of t;, the minimal
time at which it could participate to the firing of transition t3 must be updated.
For instance, if transition #; is fired at time x; = 4, as the firing of f3 will occur after the firing
of t1, the token in place p3 will be considered at the earliest (in the firing of transition t3) at
time max(x1, 3) = 4, so DS1(p3) = [4, 5].
A generalization of the previous principle is realized in the following;:

For a given firing sequence ¢ = titats...t; (its length corresponding to |o| = g) (M; the marking

reached by the firing of t;) the lower (resp. upper) bound denoted ,ué.n in (resp. ,u;.n XY of its average
cycle time can be computed by the intermediary of the following linear programs, stated as follows:

,ucr)_n "™ = minimize(r) and ,ugl A = maximize(n),
. o]
withm= > x;,
i=0

subject to the set of constraints:

o).

/ .
Lx; < INTV V] e o....,
=

With INTV ;,Vj obtained as follows:
INTV, = [Dsmin(0, 1), MINo],
Evaluation of the set DS :

e contribution of token(s) created by the firing of #; (the first fired transition):
Vpi € TOK(1, .), DS1(pi) = x1 + [a;, bi],

e contribution of token(s) created initially and not involved in the firing of #;:
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Vpi € TOK(O, j), j > 1, DS1(pi) = [max(x1, ai), bi,
and MIN| = min( DSlmaX (p;)),Ypi € My.

The case i > 1:

From the marking M the firing of transition ¢; leads to the following sets:
INTV; = [max( D,S’;n_ilrl (pr)), MINi4],

Vpx € TOK(., 1),
Evaluation of the set DS;:
1. the newly created token(s):

Vp; € TOK(, .),
DSip) = 2%, *la b,
the token(s) created by the sth firing instant, with s < i, which are not involved in the firing of
til
Vpx € TOK(s, ), j > 1,
DSi(pr) = [max( 2 x, , 2 x, +ay), X x, +by,

u=0 u=0 u=0

and MIN; = min( DS (p; ) ),¥px € TOK(., j), j > i.

5.2 Concurrency considerations

It can be noticed that a strict ordering of the events is imposed: if the obtained inequalities
system is written for a firing sequence ¢ = tit2t3...1,, its emptiness means that the considered
sequence is not feasible.

Consider the P-TPN of fig. 10 and the firing sequence o = tit,, the system S, is:

4 < x; < min(6, 3)
7 | max(x;,]) < x; +x, <3

P1 P2

Fig.10. P-TPN with concurrency.

On this simple illustration, due to the timing constraints it is obvious that this system admits
no solution traducing the fact that transition f; cannot be fired before transition f,.
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In the system obtained previously a relation of precedence was imposed on the firing
instants of the two concurrent transitions tjand #,. This relation was explicitly exhibited by
the inequality max(x1, 1) < x; + x2 i.e. the firing of # must occur before the firing of t,.

It is proposed to not imposed precedence constraints on the firing of parallels events and no
longer consider the constraints induced by token(s) not involved in the firing instant
considered which initiate another firing.

For the example of Fig. 10, it yields to the new following system:

4SX1£6
i 1Sx1+x2£3

for instance if the firing instant of transition # is x; = 6, it follows: -5 <'x; < -3, this inequality
means that the firing of transition t» must occur before the firing of t; and its firing instant
corresponds to x1+x». Its earliest one is 6 + (-5) =1 and its latest one is 6 + (-3) = 3.

So, an example of schedule is:

W= ((tz, x1+tx = 6-5 = 1), (t1, X1 = 6))
It can be noticed that the ordering of the events in the schedule considered will be made on

1
the basis of the value of the sum X xj, .
k=0
More formally, the set TS, defined as follows need to be introduced:

TS: N — subset of (1),
i — {t € T | tis enabled by the i firing instant and ¢ is a persistent transition}.
With T the set of transitions of the net and N the set of naturals numbers. An enabled
transition is called a persistent transition if it can be disabled only by its own firing.
For the evaluation of each firing instant the following procedure must be applied.
Consider the current fired transition of the considered sequence to be ;. So, the net is in the
state reached after the firing of the ith fired transition.
Let TS(i) = {ti1, to, tia, ..., i} (| TS(i) | = 1, i.e. the cardinal of the set).

The firing of transition t; with j =1, ..., n will be associated with the (i + j)th firing instant.

VYu=i+1,..,i+n,Vp, e TOK(, u),
INTV, = [max (DS} (py)), MIN ,_1|p, € TOK(.,u) OTOK(.,s)],
with s >i+n.

MIN ¢|p, € P' with P'C P is the restriction of MINs to the set of places P’ (i.e. MINs is

evaluated by considering only the contribution of the places of the set P’).

The preceding expression allows to consider, for a particular firing instant, the tokens which
participate to this firing and those present at the evaluation instant but which are not
involved in the enabledness of a transition (they must be prevented from dying). Thus, the
tokens involved in the firing of a parallel transition are not considered.

The benefits of this approach are patent because in presence of concurrency, it is not
necessary to take into consideration the set of all possible interleavings. An “untimed firing
sequence” (feasible on the untimed underlying Petri net model) will be considered and via
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linear programming techniques the solution obtained by solving the obtained system
(associated with the firing sequence considered) will determine the “real” order of the
events and the exact duration of the resulting firing sequence. For instance, consider the case
of n transitions which can concurrently fire, from a state. The application of the presented
method will result in an unique inequations system instead of n! systems, each one being
associated with a possible combination of the order of the events.

Furthermore, this approach can be used to bring answers to solve reachability problems.
Indeed, by considering the possible evolutions from a source marking and leading to a
target marking, in terms of firing sequence, a set of inequalities systems can be obtained. So,
if this set of systems admits no solution it means that there is no feasible firing sequence on
the P-TPN model allowing to, starting from the source marking, reach the target one. It is
well known that enumerative based methods usually face the so-called state space explosion
problem. Although the investigation of the feasible sequences is realized on the untimed
model, the approach may be hampered by the complexity inherent to this kind of procedure.

6. lllustrative example

In this section, an example is used to illustrate the developed approach. The background is
the supervision of a control distributed in several Programmable Logic Controllers (PLC on
short).

The supervision consists of accessing via a network to control system variables

(temperature, pressure, level in a tank,...) by means of different requests to the PLCs. The

duration of requests depends on many factors as medium and protocol used, PLC activity,

number of variables to be read or write, ... Generally, these durations are known not exactly
but by a time interval.

However, ensuring the consistency of the controlled variables to be spied and/or modified

requires that the duration between different requests does not exceed a defined duration

imposed by the dynamic of the observed process.

Then, the consistency constraint is not a time-out one, but an operation time one (its latency

can be stated by means of a time interval in a general case).

Consequently, to model naturally the repetitive functioning of the supervisor, a P-time PN

model can be built. Fig. 11 represents a scheduling problem of a supervisor.

This supervision consists of making 6 different requests (p12, P14, P22, P25, P32, pa4) to the three

PLCs (p1o, p20, P30)-

This model takes into account:

e Precedence constraints (e.g. by means of (p12, ti2, p13, t13, p14) the request associated with
p14 must be processed after the one associated with p12 ).

e Synchronization constraints, e.g. by means of ts, all the requests must be processed to
ensure the consistency constraint (no request can be processed twice without processed
all the others).

e Shared resources constraints: the PLC associated with p2o cannot process the requests p2
and pos at the same time.
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Fig. 11. P-TPN model
tin start processing request 1
ti2 completion of request 1
ti3 start processing request 2
tis completion of request 2
ta1 start processing request 3
t2 completion of request 3
t23 start processing request 4
tos completion of request 4
tos consistency of request 3 with
request 4
ta1 start processing request 5
ta2 completion of request 5
tas start processing request 6
tas completion of request 6
tao global consistency

Table 1. Meaning of transitions of Fig. 11

Consider the firing sequence o =tiitiz tistis taatas tastos tostar taotss tastso, the simplified

following inequalities system is then obtained:
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0<x <o

150< x, <200
0<x, <1000
150< x, <200
0<sx <1000

i=l !

Sx,+100< 3x, < $x +200

max(3x,5x) < Sx, <min(s x, +200,xx, +3000)

x,+150< 2x, <min(Ex, +3000, % x, +300)

max(x,x,) < £x <min(:.x +3000,2x, +1000, 3.x, +2000)
x, < $x <min(tx, +3000,3.x +1000, > x, +1000)
x,+150< Lx, <min(tx, +3000,%x, +1000,x, +200)

»x, < x, <min(sx, +3000, 2, +1000, 3 x, +1000)

i=1 !

Yx,+150< Yx, <min(:x, +3000, 3.x, +1000, 3.x, +200)

max(s x, +1000, 3 x, +1000, 3.x, +1000) < ¥ x

14 4 9 13
2 x,<min( } x, +3000, > x +1000, > x, +3000)
i=1"' i=1"' i=1"' i=1"
14 -
Letn= Y x, and g, =minimize(r) and g, °° = maximize(r),
i=0

subject to the constraints of the previous system lead to ,uén i _ 1600 and ,ug.l 4 = 3200 units of

time.

For instance, the firing instants (the x;'s) corresponding to g1 i are:

[0, 150, 300, 150, -550, 100, 0, 150, 300, -300, 150, 0, 150, 1000] and the associated schedule is
the following: W = (( t11, 0), (tzl, 50), (tu, 150), (tzz, 150), (t23, 150), (t24, 300), (t31, 300), (t13,
450), ( t30, 450), (t33, 450), (ti4, 600), (t25, 600), ( t3q, 600), (t4o, 1600)).

It can be noticed that, although the inequalities system was obtained on the basis of firing

sequence o = ti1tin tiztis bitao taatos tastar taotas taatso, the real feasible sequence s
tiitar 1ot £23tas t31£13 132133 Hiatas taatao.

In the case of gy, the corresponding firing instants (the x;s) are:

[1600, 150, 300, 150, -1200, 200, 550, 150, 300, -300, 150, 0, 150, 1000] and the associated
schedule is the following:

@ = (( t21, 1000), (f22, 1200), ( t11, 1600), (t12, 1750), ( t23, 1750), (t24, 1900), ( t31, 1900), (t13, 2050),
(ts2, 2050), (tss, 2050), ( t1a, 2200), (t25, 2200), ( tas, 2200), (ts0, 3200)).
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The inequalities system was obtained for a firing sequence which can be viewed as a
“pseudo firing sequence”.

Indeed, it is used to determine the logical constraints (precedence, mutual exclusion and/or
concurrency) but the real order of the events (i.e. the real firing sequence) is obtained thanks
to the value and the sign of the firing instants resulting from the resolution of the considered
system.

6. Conclusion and future work

Time has become a major issue in the analysis of production systems. Indeed, for time-
critical systems where all taks are time-constrained, this parameter does not affect only the
system performances but also its correctness.

Thus, an acceptable behavior of such systems depends not only on the order of the events
but particularly on the time at which the results are produced. Consequently, correctness
and performance issues are closely linked. Due to time intervals specifications, time critical
systems require a time control.

In this paper, a new approach to design a time control has been proposed. It uses P-time
Petri net as a modeling tool and it uses the firing instants notion that does not require strong
structural properties (it is not restricted to subclasses of PN).

The proposed method is based on a token player algorithm and it investigates the set of
feasible firing sequences of the underlying untimed Petri net of the considered P-TPN.

The presented technique yields to the obtaining of an inequalities system written once (at
the beginning of the analysis) for symbolic values of the timing constraints associated with
each place of the considered time model. The ability of not considering only numerical
quantities can also be used in order to test real-time systems specifications.

Indeed, as seen in the illustrative example, the (logical) ordering of particular operations can
be imposed by the timing constraints, so if an obtained ordering of the events is
inappropriate the timing constraints can be modified without altering the system considered
and the new scheduling will result in the resolution of the original system.

An issue currently being investigated is the integration of the presented approach in the
evaluation of the robustness of the modelled system.
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