A Graph of Classes Preserving Quantitative Temporal Constraints considering
unbounded transitions

Janette Cardoso Xiaoyu Mao Robert Valette
IRIT-UT1 IRIT-UT1/LAAS LAAS-CNRS
21 alees de Brienne, F-31042 Toulouse Toulouse France 31077 Toulouse France
jcardoso@univ-tlsel.fr xmao@laas.fr robert@laas.fr
Abstract In this paper, the proposed approach is to construct a

graph of classes with sets of constraints attached to its arcs,

The objective of this paper is to extend the tool GraphC such that the constraints which have to be verified by the
that generates a new graph of classes for t-time Petri nets,firing dates for any sequence in the net, are directly derived
taking into account unbounded transitions. In this graph, a by concatenating the constraints attached to the arcs cov-
sequence of transitions effectively firable in the net is asso-ered by the corresponding sequence in the graph of classes.
ciated with each path between two nodes (classes). The con-
straints which have to be verified by the occurrence dates2 Basic notions
for any event sequence in the real system are directly de-
rived by concatenating the con_straints assoc?ated with the5 ¢ Simple temporal network (STN)
arcs covered by the corresponding sequence in the graph of

classes. A STN N is composed of a finite séf of variablesy;

and a finite seC' of binary constraints’;;(v;, v;) defined
as convex intervalg:,,; ;, car;;] delimiting the possible dis-
1. Introduction tance between two variablesandv; of V.
A STN N = (V,C) is completeiff a constraintC;; is

For checking some properties of critical embedded svs- associated with each pair of variables. A complete STN
9 prop YS“is minimaliff Vv;,v; € V andVe € Cyj, ¢ € [cmij» Carij]s

Fems su_ch as t_hetlmellness property for correct_envwonm_e_ntIS such thaty; — v, — . The Floyd-Warshall algorithm

interaction, it is frequently necessary to consider specific deri from ]an consistent (having at least one solution)

scenarios of operations and to analyze the temporal con-, enves Y g 4
. : o .~ _STN [De 91] a new complete and minimal STN.

straints which have to be verified by the events composing

them [Ri 01].

Other properties (related for example to the fact that a
state is not reachable) imply the exhaustive search for all . .. .. . . . )
the states of a system. When temporal constraints exist, theDef|n|t|on 1 Attime Petri Netis a 3-tuplec V, Mo, [ >:
states, in an infinite number, can be covered by afinite setof e A=< P, T, Pre, Post > is a Petri net,
state classes for bounded Petri nets. In this case, a graph of ) o )
state classes can be built in order to study the system, where ® Mo : is the initial marking,
nodes are state classes and the arc from a €l&ss class . + +
C' is labeled by the transitioh(leading fromC to C’). « [T = (QTU0)#(QFUeo).

Several kinds of classes have been proposed according The static interval functiod associates with each tran-
to the kind of properties to be proven (properties expressedsition ¢; a temporal intervala;, b;] (see fig. 3.a) that rep-
in LTL or in CTL for instance) [Yo 98, Be 04, Ca 05]. resents the set of its possible firing dates. When the upper

In order to correctly delimit the domains of the vari- bound ofI(¢) is oo ¢ is said to be unbounded. Otherwise it
ables attached to the firing dates in a transition firing se-is bounded.
guence, it is necessary, in the case of a t-time Petri net In this paper, the operational semantics for t-time Petri
[Be 04] with strong semantics, to know the transition en- nets, includes thetrong semanticéwvhich enforces the fir-
abling dates. This implies that, for each transition, the dateing of one of the enabled transitions before the earliest of
of the firing which has produced the last token is known. all the latest firing dates for the enabled transitions) and the
In consequence, it is necessary to proceed in the context ofnterleaving semantic@ransitions may be enabled concur-
interleaving semantics and therefore to explicitly consider rently but are fired sequentially). It is assumed that there is
states and firing sequences. no memory of the enabling time of a transition in the past.

2.2. t-time Petri nets



In at-time Petri Net, the following events associated with
a transition must be taken into account: #reabling date
begin/end of the firing intervandfiring date The follow-
ing constraints must be verified between these events:

¢ the enabling date of a transitiaris equal to the firing
date of the last transitioti contributing to its enabling,

e the transition firing date should be included in its firing
interval I.

3. The graph of classes
3.1. States and state classes

Let us consider the execution of a firing sequence
o=1t1; - tistj;---; ty in @ t-time Petri net with un-

bounded transitions. A transition can be fired several times

in a sequence. The!" firing in o of transitiont; is denoted
by z¢* (if 0;=1, we noter; instead ofr}).

Given a specific execution of, the stateafter the firing
of ¢; is the obtained marking associated with the current
value of the clock and the firing dates of all the transitions
precedingt; in o in order to compute the remaining firing
intervals for each enabled transition.

A classis composed of all the states which are reachable
by an execution of after the firing oft; and before that of
tj. Aiming to have all the constraints which must be verified
by the firing date of;, it is necessary to be able to derive

not only the distance af? anda:;?j, but also the distance of

xjj with all the preceding firing dates in In order to have
a finite number of classes, it is necessarjoigeta part of

3. the temporal constraints between these variables
(minimal and complete network).

The complete definition of the temporal netwa¥ic re-
quires the initial constraints in point 3. These values are
taken from the STN defined in the section 3.2.

Whent;, is enabled by a transitioty ;) at some class
beforeC (def. 2), its initial enabling time is the static inter-
val I(t;). If t;, remains enabled at (after¢; firing), the
possible fing dates a@f, are no longer delimited by possible
firing dates oft;, are no longer delimited by(¢;) but by
the dynamic interval j(¢;). In order to take the same time
origin x4, thani(t), D(t;) = Cy),; and (time has non
negative values):

Ig(te) = (I(te) — Cos(ry,i(Ts(r), i) N[0 00) (1)

3.2. The arc associated with the firing of;;

In our approach, the afc, C’), leading the system from
classC to C’" with the firing of transitiort;, is labelled byt
and is associated with:

¢ a set of unbounded transitions not constrained by the
firing of transitions leading t6, T72:¢ = TS \ {¢;1,

e a STNN; . delimiting the firing date of; from C. It
reflects the memory of the past necessary to character-
ize the dates of the future events.

Lett; be a transition among theenabled transitions at
classC = {M, Ne¢, TS }, with Ne = (Ve,Ce), and lett;,

the past, keeping only a fragment of the STN made by thesée/ 7 J» b€ the othen — 1 enabled transitions &t

variables and their constraints.

The initial state clas§y = (Mo, Nco, T2, ), is given by:
the initial markingM,, the STNN¢, : zo, wherexq rep-
resents the time origirtli{e beginning of the worldand the
set of unbouded transitio’), = {¢ | I(t) = [0 00)}.

Let o be a firing sequence ;---; t; of a t-time Petri
net, t; the last fired transition i andt,(;) the transition
that has enabled a transition

Definition 2 Thestate clas<C, obtained after the firing of
transitiont;, is defined by M, N¢, TS } where:

e M is the current marking of the net; it is assumed that
n transitions are enabled b/,

e T¢ is the set of unbouded transitions not constrained
by the firing oft;,

e Ncis the minimal and complete STN composed of the
following variables and constraints:

1. the variablez¢’ associated with the last transi-
tion firing (¢; firing),

2. for each enabled transition, from M, ¢, ¢ TS,
the variableccgf,’j) (k =1,...,n) associated with
the firing of transitiont (),

Definition 3 The STNNt; . = (V't,Ct) delimiting the fir-
ing oft; from classC is composed of:

1. all Nevariables and constraint§/t = Ve, Ct = Cg;

2. the variablerjj (firing date oft;) and the static inter-

val I(t;) as a constraint betweetf;fj) and a:jj

. the variabley?’ corresponding to each bounded tran-
sition t;, with the constraintCS(l)J(ng}),ylol) =
[dari, dari], the upper bound of static interva(z; ),

. the variablezf!, | # 4,1 ¢ T2%¢ correspond-
ing to each enabled unbouded transitign with the
constraintC’s(l),l(xfjfll),yl"l) = [dmi1, dmi], the lower
bound of static interval (¢;) (|[{z}| + [{w:}| = n—1).
If ey (2t 2) >0, T = T4 U {1},

0j

. Cij(x¢",27) = [0, 00) to express the fact thaj must

be firedaftert; (interleaving semantics),

. Cj,l(x?j,yf’l) = [0,00), 1 # j, to express the fact that
t; must be firedbeforethe upper bound of the firing
interval of bounded transitions (strong semantics).



i . I
[l,ao[\‘_l@pl Pt [11] [1] 2. there exists a bijectiom between the elements &f

X =X, X, o and X’ such that: i) 2,0 = 7(z¢') impliesk = i
L, l]g@)p 1 1\.,/0 0] \: 0 0] : : (they are firing dates of the same transitioi);if z; =
: 7 7(x;) andx;- = 71(x;) thenC” (xf,x ;) = Cy;(zi, xj).

a) b) 0 d)

Definition 6 A classC = (M, Nc¢) is equivalent to the ini-
tial classCy = (Mo, z0) if: 1) M = My andTS, = T2, 2)

the set of variables{ of Ncis a singleton X = {z;} (no
CO, Ncg : @, Too = @

C1.Nej : g1 = 1], Teo =@ PASt memory).
C2,Neg : 2o, Too = {t1}

C3, Neg : Cp o = [00],
C4,Necy : Cg 1 = [01],
: Cgq = [11],
C6, Neg : C1 2 = [01],
C7,Neq : Cg 1 = [00], Too

Figure 1. Petri net and some Nt .

In fact, the firing oft;, leads the system back to the initial
marking M, and enables all transitions at this marking.

The firing of ¢5 in fig. 1 from C, leads to a clas§’;
Figure 2. Graph of Petri net of fig. 1.a T%? = {t1} with Nty represented in fig. 1.d. Clag$
hasM’ = M, andN ¢’ given byz3, so it is equivalent t@

(def. 5). The classes and the graph are represented in fig. 2

If after applying Floyd-Warshall algorithrdyt; . is consis- (C7 is arestricted class @f,). All classes havé/ = pp.
tent,¢; can be fired. The finaVt; . is obtained deleting all

nOdESyl ) Zf andxs(l) (if all the other transitions enabled
by x,(;) are inTZ°). All constraints directly connected to
the deleted variables are also deleted [Ma 05].

Let us considerer the Petri net of fig. 1.a, with initial class ~ The temporal network of a sequenee= t1;...;t;;t;;
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3.5. Sequence characterization

Co = {p1p2, z0, D}. The firing oft, fromC, leads to class -3 tn fromaclasg is given byNt, = Nty cU... Nt; ;U
Cy; this arc hasN't o (fig. 1.b) and7.? = @. The final ~ Ntjc; U... U Nty e [Ma 03]

Nty o is given byV {xo, 1} with Cp1 = [1 1]. Class’; A particular case appear when= ty;...; t; and the fir-
hasM1 =pipe, TL, = @ andN¢, given byV = {zg,z1} ing of last transitiort; leads to a clas§ and also to its re-
with Cp 1 = [1 1] stricted clasgr. Two networks are obtainedV! leading to

The firing oft» from C, leads to clasg, and is associ- € andN? leading toCr, but N} © N2 and so the network
ated withNt, ¢ (fig. 1.c). The finalVt, o is only given by characterizingr is N! (see an example in the sequel).
nodexz, andT%? = {t;}. ClassCy with My = pips, set
T2 = {t1} hasNc; given only by node. 4. Example

3.3. Restricted class

Some constraint), ; between two nodes, andz; in the Ovenvaite “[

Nt; . from the clas€, can become more restricted than in ;..

the networkVc of C. This means that transitian can only ot

be fired from the states @f for which variablesr; andx;

verify this new, more restricted constrai ;. This defines el o uR

a sub-clasgr? restricted in order to permit the firing of. S Buffermpty
Let ¢; be a transition which can be fired frol =

(M, Nc) whose firing date is delimited by thet¢; ..

o

Consummer

Definition 4 The restricted classCr? = (M,, Nc,) of
classC is created ifNt; . N Nc # Nc, and is defined by:
i) M, = M,ii) TS = TS, i) Ne, = Nt; . N Ne.

After a new application of Floyd-Warshall new restricted
classes can appear in the past.

3.4. Equivalent classes

Definition 5 Two classesC = (M,Nc¢) and C' =
(M’, N¢'), differing from the initial clas<’y, with Nc =
(X,C)andN¢' = (X', C") are equivalentif:

Figure 3. a) Petri net; b) Graph of classes

Let us consider an unidirectional protocol of data trans-
1. they have the same markinty, = M’ and the same fer [Ca 05] modeled by the Petri net in fig. 3.a presenting
setTo,, TS, =TS, infinite sequences. We want to know if an overwrite, due



to the earlier arriving of a new message whereas the prece5. Conclusion

dent was not yet consumed, can occur in this system (repre-

sented by transitiotd). The underlying Petri net (the struc- The presented approach presents a graph of classes that
ture without time specifications) is unbounded and so it is allows obtaining the exact temporal constraints that have to
not possible to know if the overwrite is done. The graph is be verified by each transition firing with respect to a given
represented in fig. 3.b and the classes are given below:  firing sequence. It extended the graph presented in [Ma 05]

Class Marking ConstraintaV ¢ Class Marking Constraint ¢ Considering Unbounded transitions. A state ClaSS reaChed by
Co mimen D C mimarers  Cis =00 the firing oft in the graph is defined by a marking, a tem-
1 P1P2P5P x P1P4P 1,4 = .y .

¢y pivspsrs  Ciz=[23 || Co  piversre  Cils — (23] poral network and a set of transitions not constrained by the

C C =[23 C C =[14 . . .

ﬁi o babape géji’ - M i ;;12;‘;:%2 | gjj - H firing of . An arc between two classes is labeled by a tem-
3 1 5=1[26 5 =123 2 =[34 ) T e

s ’;iié‘;i%‘ Gzl |l CLa-ba a2zl 2 poral networkV't; _d_ellmltlng the flrmg date of , ti itself
C12=[3], C3,=04 || ¢3 piporare Can =[17) and a set of transitions not constrained by the firing of tran-

sitions leading to the source class. The temporal constraints
verified by a firing sequence are obtained by the union of
the temporal constraint¥’¢; attached to each arc along the

We present here only some temporal netwdvk at-
tached to the arcs:
Nti,0,(z0,71)=[46], Nt 1,(z1,2)=[23]

Nto 21, 22)=(1, 2)=[2 3], (02, 2)=10 0] corresponding path on the class gra_ph.
Nty 3.,(1, 23)7(2 3], (w1, 27)=[4 6] (w3, 2})=[1 4] There are two main differences with the graphs proposed
Nty so(@y, 23)7[2 3] (@1, 21)714 Sl (ws, 21)=[1 2] in [Yo 98, Be 04]. The first one is that we use simple tem-

Which constraints must be met in order to fitg poral networks instead of geometrical regions to deal with
(overwriting)? Let us consider a sequence including temporal information. The second one appears in the way
the firing of t, in the graph of fig. 3.b, for example, the pastis memorized. In relation to [Yo 98], our class does
o = t1;t9;t3;t1; ta; t4. The network delimitings is given not keep all the constraints in the past, but only the ones that

by N, = Nt1,0UNta 1 UNt3 2 UNt; 3UNty 190U Ntyg, are necessary to characterize it, as proven in [Ma 05], and
represented in fig. 4z€ is the second firing of, in o). consider unbounded transitions. In relation to [Be 04],we
Two constraints are redundant iN, since we can ob- can directly obtain the set of constraints of a sequence in-
tain them from other constraint§z;,z3) = [2 3] and stead of obtaining it by transformations and calculations.

(z3,24) = [3 4]. The occurrence of overwriting depends on Further research should consider to extend the graph of
the firing interval oft1 from Cs; whent1 is fired between  classes to deal with time fuzzy Petri nets, where the inter-
[1 2] aftert3 firing (rapid production), it can occurs. val of firing is fuzzy, allowing to evaluate a possibility and
necessity degree of transition firing.
[4.5]
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