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Abstract—This paper deals with time Petri nets, where a single-server semantics. The multiple-server semanlice/s
firing interval is associated with each transition. Three senantics  to handle, at the same time, several time intervals per place

(intermediate, atomic and persistent atomic) are proposedn the (P-TPN), per arc (A-TPN) or per transition (T-TPN), which it
literature for this model, in the context of single-servermulti- . ' . . . '
is not allowed in the single-server semantics.

server and strong/weak semantics. This paper shows that, in ’ ] - > )
presence of conflicts, these semantics may exhibit some unex In this paper, we consider T-time Petri nets (Merlins
pected behaviours and properties. This paper proposes a new model) [10], called here time Petri nets (TPN in short), in

semantics more appropriate to deal with conflicts. the context of single-server and strong semantics. It seems
Index Terms—Time Petri nets, semantics, conflicts, zone based to be strongly appropriate with communications protocol. |
graph this model, a time interval is associated with each tramsiti

From the semantic point of view, a clock is associated with
each transition to measure its enabling time. A transition
is firable if its clock has reached its interval and must be
Increasing complexity of systems used nowadays requif@ed before overpassing its interval, unless it is disatidgd
rigorous formalisms and tools to automatically verify amth¢ another firing. In [2], three semantics intermediate, atomi
trol their behaviours. From this perspective, several &lisms and persistent atomic are discussed for time Petri netsy The
such as Petri nets, automata and logics have been develoggtkr in the way that clocks are handled (memory policies),
Their purpose is to represent, using mathematical concepi#en a transition is fired. The intermediate semantics seset
systems in order to be able to verify and control the conftyrmiclocks of all transitions disabled when input tokens of thedfi
of their behaviour w.r.t. their expected services. transition are consumed (intermediate marking). The atomi
Automata and Petri nets are designed to model discreigd persistent semantics suppose that the firing of a tiamsit
systems. In the context of real time systems, where tigatomic and do not consider the intermediate marking.
behaviour is dependent of time, the used formalisms mustin general, the intermediate semantics is weakly expressiv
integrate explicitly the time factor. Timed automata amdeti w.r.t. the weak timed bisimulation, in comparison with the
Petri nets appear in order to model hybrids systems, handlgxomic and the atomic persistent ones [2]. But, for time
discrete systems with continuous variables, i.e. the tife. Petri nets with upper-closed intervhlshe three semantics are
brids systems model both the process and the control systefuivalent w.r.t. the weak timed bisimulation [2]. From the
Many ways exist to consider time in Petri nets. The timgractical point of view, the atomic and persistent atomic se
constraints may be expressed in terms of stochastic defaysrantics are more appropriate for the specification of oteserv
transitions (stochastic Petri nets), fixed values assettiafith of systems [2]. The intermediate one seems to be closer to the
places or transitions{ P, T}-Timed Petri nets) [13], or intervals intuitive interpretation and, for this reason, is widelyeds
labeling places, transitions or arc§(T,A}-Time Petri Nets) By intuitive interpretation (or semantics) of time Petritsie
(6], [9]-[11], [14]. we mean that a transition may be fired if it is maintained
For {P,T,A}-Time Petri Nets, there are two firing semanticssontinuously enabled (using the same tokens) until regchin
Weak Time Semantics (WTS) and Strong Time Semantiggs firing interval (i.e., its enabling time is inside its fig
(STS). For both semantics, each enabled transition has jagrval).
explicit or implicit firing interval derived from time constints In this paper, we first show that, in presence of conflicts,
associated with places, transitions or arcs of the net. tAese semantics may exhibit some unexpected behaviours and
transition cannot be fired outside its firing interval, but iproperties w.r.t. the intuitive semantics. Then, we prepas
WTS, its firing is not forced when the upper bound of its firinglew semantics more appropriate to deal with conflicts.
interval is reached. Whereas in STS, it must be fired within This paper is organized as follows. Section Il is devoted
its firing interval unless it is disabled. The STS is the mog$ the definition of Merlin’s model [10] and a short review
widely used semantics. There are also multiple-server agflthe different semantics proposed in the literature fas th
) ) . model. In Section Ill, we show, by means of examples, that
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whose idea is to measure the waiting time of each token.A transitiont is enabled inM, if there are enough tokens

Finally, the conclusion is presented in section V. in M for its firing (that means\/ > Pre(.,t)). The firing
of ¢ takes no time but leads to the markidg’ obtained
[I. TIME PETRI NETS AND THEIR SEMANTICS by consuming tokens oPre(.,t) and producing tokens of
A. Timed transition system Post(.,t): M" = M — Pre(.,t) + Post(.,t).

Usually the semantics of a timed model is defined by meansIn time Petri nets, a transition Is flrab_le at StW’ v) !ﬁ
of a timed transition system, where the set of states of t Is enabled and its clock has reached its associated aiterv

model, its actions as well as its transition relation betwee /¢ d€notefirable(M,v) the set of transitions firable at state

states are defined. The actions of a timed model are of i+ ?): firable(M,v) = {t € T|M = Pre(,t) Av(t) €

> . " a(t), B(t)]}-
:iynp:gsélilsgir:gt;e actions for events and positive real nusiioer When a transitiont is fired, a new marking is reached,

. - . . here we can find some newly enabled transitions. We denote
Formally, a timed transition systems is defined by a 4-upl tenableal(]V[, t) the set of transitions newly enabled in the

< Q,q0,%,—> where( is a set of statesgy, € Q is the X o . o
initial state,> is the set of discrete actions (disjoint from th?mhgrlé:ggkrse?ﬁgf grzorrgge?g dﬂ\r/\llﬂgeg?i:erzilnfsr glr%r&lt indicates

. g . .
time domainkR™ of the continuous actions), and< @ x (XU In time Petri nets, all clocks of transitions evolve unifdym

=+ H i+ H /
R™) x @ is the transition relation. A tupléy, a, ¢') €, also with time. We denotes + d the functiony’ such thatvt ¢

a / .
d/enotedq — 4 representg the trans'ltlon from stat¢o st.ate T,V (t) = v(t) + d. It specifies the evolution of time by
q' by the discrete or continuous action (time progressian) units

_ The behaviour of a time Petri net is defined by means of

B. Definition of TPN the following timed transition system Q, qo, &, —>, Where
Petri nets, introduced by Petri in 1962, with their usefu) = (P — N) x (T — R™) is the set of states of the time

abbreviations and extensions are a powerful formalism¢lwhipetri net,qo is its initial state,>X = 7', and— is composed of

allows precise modeling and analysis of complex systemsntinuous and discrete transitions defined as follows:

using a wide range of methods and tools. Let (M,v) be a stated € R*, t € T, M’ a marking and/
This paper deals with time Petri nets, a simple yet powerfglclock valuation ovef.

model useful to model and verify real time systems, like com-, Continuous transition:

munications protocol. This model associates a firing irglerv (M,v) L (M, ) if

with each transition. It allows to model different kinds ohe Vi=v4+d

constraints (delays, durations, deadlines, efc.), eviaeiéxact vt e (gd-/tg[({ ’;]“f’fg}{vi Za—glg()]\/?,u )

delays or durations of events are not known. Formally, a TPN | Siscre

. . ) te transition:
is defined by a 7-uplek: P, T, Pre, Post, «, 3, My > where: (M,0) 5 (M7, if

o P is the set of places in the net; t € firable(M,v)
« T is the set of transitions (s N T = ©); M'= M= Pre(,o 1 Posit) .
« Pre € [PxT — NJis the backward incidence function, v eT v () = { () 1 enabled(M, 1),
indicating, for each transition, the tokens needed for its
firing; C. Semantics of TPN in the memory policy

e Post € [PxT — NJ is the forward incidence function, Different semantics can be derived from the transition
indicating, for each transition, the tokens produced bystem given above, depending on the definition of the notion
its firing (we denoteC' = Post — Pre the incidence of newly enabled (memory policy) [1], [2]. The definition of

function); _ . . . _ this notion has an impact on the behaviour and the properties
e a € [T — Q"] is a function which associates with eaclpf the net. In [2], the authors have distinguished three nrgmo
transition the lower bound of its firing interval; policies: intermediate, atomic and persistent atomic stics

e f € [T — Qt U{oo}] is a function which associates  a) Intermediate semanticstn the intermediate seman-
with each transition the upper bound of its firing intervalkjcs, the firing of a transition consists of two steps: conisigm
o My € [P — N] is the initial distribution of tokens in tokens and producing tokens. A distinction is then made
places, called the initial marking. between tokens used by a transition and those produced. All
For convenience, we denot® = {p € P|Post(p,t) > 0} transitions not enabled in the marking resulting from the
the set of output places ofand®t = {p € P|Pre(p,t) > 0} first step (intermediate marking) but enabled, in the mark-
the set of input places af We suppose here that # ), for ing resulting from the second step, are newly enabled. In
every transition of the net. other words, letM be a markingt and ¢’ two transitions.
A time Petri net evolves according to two aspects: tHEhe transitiont’ is (newly) enabled by firingt from M,
marking and clocks. Thus, we can represent the global stiten the intermediate marking of this firing; is disabled
of a time Petri net by a paifM,v), whereM € [P — N|  (Pre(.,t') £ M — Pre(.,t)), but is enabled after the firing
is a marking of the Petri net, ande [T — R*] is a clock of ¢ (Pre(.,t') < M + C(.,t)). Moreover, in the context of
valuation overT’, which associates with each transition, thsingle-server semantics, the intermediate semanticssrése
value of its clock. Its initial state i$My, 0r), where M, is clock of the fired transitiont(= t). Therefore, the set of the
the initial marking and is the null valuation ovef". newly enabled transitions by firingfrom M is defined by:



I1l. PROBLEM OF HANDLING CONFLICTS

1 enabled(M,t) = {t' € T|Pre(.,t') < M + C(.,t) A The way that conflicts are handled differs from one se-
mantics to the other, leading to different behaviours and
properties. So, it is essential for a semantics to be clearly
and coherently defined, in order to avoid incoherences,éan th
manner that similar situations are managed. To be intuisive

(Pre(.,t') £ M — Pre(.,t) V t=1')}

b) Atomic semanticstn the atomic semantics [2], the fir-

. e X i : _a true advantage for a semantics.
ing of a transition is supposed atomic. Unlike the interraei The intermediate semantics distinguishes tokens, thanks t
semantics, the atomic one does not consider the interneediat |

e intermediate step, between produced tokens and thesothe

mf\rk|n9[§. Irg)trtus ca:)sie,cjallfttrar;5|;!qns not enatIJ led bgfmm However, it is important to note that the intermediate seinan
atransition but enabled after itS iring are newly enableorevl o 4 o age semantics. That's the matter of our first study:

) ; , -

prem_sgly, /I(_atM be a marking/ aT“_“ two tran_3|_t|ons. The what difference we can find in case of conflicts.

transitiont’ is (newly) enabled by firing from M, if it belongs . -
Let us explain, by means of examples, such conflicting

to the following set: situations and their impact on the behaviour and properties
of the model.

tenabled(M,t) = {t' € T|Pre(.,t') < M + C(.,t) A

A. Change of behaviour

Pre(Lt)Y <M v t=+ . : , , L
(Pre(.,t') £ M v )} Consider the net at Fig. 1. According with the waiting time

of tokens, the system is expected to behave as follows: the

token in placeP1 goes to the placé2 at datel. The initial

token in P2 is either consumed b¥'2 or 7'3 at datel. The
token created by'1 in P2 should be consumed at d&te
Suppose now that the transitidi is fired before the others,

4 enabled(M,t) = {t' € T|Pre(.,t)) < M + C(,) A from the initial marking P1 + P2. This firing leads to the
marking 2 P2, where both transitiong2 and7'3 are enabled
and not in conflict. These two transitions were enabled but

Pre(.,t') £ M} in conflict in the initial marking (before firind'1). Let us

examine how the three memory policies handle this situation
The difference between the atomic semantics and the persis-

tent atomic one lies in the particular case of the fired ttaorsi Pl

c) Persistent atomic semanticén the persistent atomic
semantics [2], a transitioti is newly enabled after the firing
of ¢ in the marking)M if it belongs to the set:

@ (P14 P2,u(T1) = v(T2) = v(T3) = 0)

If the fired transition enables again itself, its clock isatesl in T11,1] Tlatl
the atomic semantics but not reseted in the persistent atomi @ (2P2,v(T2) = v(T3) = 1)
semantics. It is then considered as a newly enabled transiti  r2 T2 at 1
in thg atomic St_amantlcs but not newly enabled in the pertiste — @ (P2 4 P3,u(T2) = 0, (T3) = 1)
atomic semantics. ’
T3 atl
@ (P3+ P4, )
D. Age or threshold semantics Fig. 1. A TPN with two conflictingFig. 2. An unexpected run of the TPN
transitions at Fig. 1

Boyer, in [5], considers two kinds of semantics, according In the intermediate semantics, when the transitioh is
to the meaning of clocks. In the first one, thge semantics fired from the staté P1+ P2, v(T'1) = v(T2) = v(T3) = 1),
the firing condition is about the waiting time of tokens. Whenolocks of both transition§d’2 and 7'3 are not reseted, since
a transition is labelleda; b], it means that tokens must waitthey are enabled before, during and after firifig. With this
betweena and b time unit to fire. It is the case of the semantics, the firing of'1 leads to the stat€2P2,v(T2) =
machining, for example. In the second one, theeshold »(73) = 1). From this state, the model behaves as if both
semanticstokens are not distinguished, only matters the loatbkens in P2 were created at the same time (at da}eFor
When a transition is labellef;; b], it means that the numberinstance, if the first token iP2 is used by7T2, thenT3 is
of tokens must be greater than the weight during b time considered as not newly enabled and fired immediately after
unit to fire the transition. This conceptualisation is addpio 72 (see Fig. 2). Unlike what is expected, the two tokens reach
load mechanisms. their destination at the same time. TransitiBa is fired even
Different models with age semantics exist in the literaturd its token is just created and did not wait the one time unit
like P-time Petri nets and A-time Petri nets. In these twoeeded. The constraint of waiting time is then not respected
models, the fire of a transition considers the age of tokeds dior 7'3. From this point of view, this semantics seems to be
not a number. However, it seems less used in T-time Petri néggoherent with the context of age semantics.
We'll see for example that intermediate, atomic and pessist Both the atomic and persistent atomic semantics accept the
atomic semantics are threshold semantics. same unexpected run.



P1

B. Change of properties

T1[2, 2]

Let us now show that the change in managing conflict,
pointed out in the intermediate semantics, may have an itnpac
on the properties of the model. Consider the TPN at Fig. 3.7*
The TPN is bounded w.r.t. the intermediate semantics but Jz
unbounded w.r.t. the intuitive semantics.

In this net, the role of the transitidhi3 should be to empt .
the placeP4 and then prevent the system to reach a state
where P5 is marked. From such a state, the transitighwill
be repeatedly fired every one time unit, leading to an infinite
number of markings (unbounded net). Ps

In the intermediate semantics, from the initial staiel +
P2 + P4,v(T1) = v(T2) = v(T3) = 0), the model can
fire the transitionT'1 at date2 to reach the staté2P2 + _ . .
P4,v(T2) = v(T'3) = 2). From this state]2 and 7'3 are \'/:vl.?.-t.gihe '?ntg?runr:aciﬁgte-rF;gﬂ%r:{edgtrune%;zficzpN ot Flg. Swrt the
fired successively at dat8sand4, leading to the dead marking mantics
P3 (see Fig.4). Therefore, the enabling time constraint is not
respected forfl'3. Indeed, in this scenario, the transitidrs
uses the token created iyl and then should be firetl time
units after7’1 (at date6), unless it is disabled by firing a
conflicting transition. After firing successively traneitis 7'1
and 72 at dates2 and 3, both transitions7’'3 and 74 are
enabled but in conflict. They are both firable at déteThe
firing of 7’3 will disable T4 and mark the plac#5 and then
enableT'5. The model is then unbounded w.r.t. the intuitive
semantics. _ _ _ _

Note that the run given at Fig. 4 is also valid in the contextd: 5 An unbounded TPN w.rt. the intermediate semantics
of the atomic semantics. For the persistent atomic sengntic Moreover, in the context of single-server semantics, in the

the accepted run coincides with the one given at Fig. 4 Uiy oniy one clock is associated with each transition. This
firing T'2. In the persistent atomic semantics, as the firng focy is used to measure the time elapsed since it was last
T2, at dates, enables agaifi'2. Its clock is then not reseted enabled. The different enabling instances of the sameitians
and the state reached 2 is (P2 + P3 + P4,v(T2) = 4.6 handled sequentially

v(I'3) = 3,v(T'4) = 0). From this state, the ransitidh2 is ¢, manage well the allocation of tokens to transitions w.r.t

fired again at dat8, which disables’3. The reached state is single-server semantics, we associate a clock with ea@mtok

then (2P3 + P4, —). and a queue of clock values with each place. The tokens of
We have shown that for the same net, the way that COf; -, jace, are then handled according to the FIFO (First In

flicting transitions are managed may have an impact on the o) discipline (the first token created jnis the first
behaviour and the properties of the model. It is then ve

: ) . (g ken consumed from).

important to understand how the different semantics han @When a token is created in a plaggits clock is set to)
the subtle cases of conflicts and to be sure that the behavicf,Hfs ’
of the model, w.r.t. a given semantics, corresponds ex&atly
the expected behaviour.

Note that a TPN can be unbounded w.r.t. the intermedia

@ (P1+ P24 P4,v(Ti, i =1,3) = 0)

T1 at 2
T3[4,4] e (2P2 + P4,v(T2) = v(T3) = 2)

T2 at 3

T4[2, 2]

@ (P2 + P34 P4, v(T2) = v(T4) = 0, v(T3) = 3)

T3 at 4

T5[1, 1]

T4[2,2]

value is inserted in the queue @fAll clocks of tokens
evolve synchronously with time until they are consumed. An
enabled transition is firable if the age of the youngest teken

) . . ) articipating in its enabling has reached the firing intenfa
atomic or persistent atomic semantics but bounded w.r.t. pating g 9

S . transition. It must be fired without any additional deify
Intuitive s_emar_mcs about age of tokeps. As an example t fe age of its youngest tokens has reached the upper bound of
TPN at Fig. 5 is unbounded w.r.t. the intermediate semantlﬁg firing interval, unless it is disabled

but bounded w.r.t. the intuitive semantics. Thereforerehe ' '
is no relationship between properties of the model w.r¢. th

intuitive semantics and the others. A. Formalisation

Formally, we define the TPN state by a péi, 1), where
IV. A TOKENS SEMANTICS M is a marking and. is a function overP, which associates
The enabling time of the transition is different with the agwith each placep a queue of clock values. Each queue is

of the youngest tokens used by the transition. To deal with ttmanaged FIFO and then ordered from the older to the younger
difference, we need to identify tokens used by each tramsiti(decreasing order of ages). For example, if a pladeas 4
and to memorize the age of tokens, as it is evokated in [$pkens with ages, 3,2 and1, its queue isu(p) = [3, 3,2, 1].
Doing so, we can make sure that the enabling time of eachThe initial state is(My, uo), whereVp € P, uo(p)[i] = 0,
transition refers to the tokens to be consumed by the tiansit for 1 < i < My(p), if My(p) > 0, and uo(p) = [], otherwise.



@ (P14 P2+ P4,0 < Pl; = P2, = P4y <2)
As mentioned before, tokens within each place are hanared

FIFO, an enabled transition will always use the oldest te
from each place. Thus, if an enabled transitiarsesPre(p, t)
tokens from the place, the age of the youngest token from 7?2

p used byt is the elemeng(p)[Pre(p, t)] of the queueu(p). @ (P2+ P3+P4,1 < P2, <3,0< P3; <2,3< P4y <5,

2\ Q
(2P2+P4,2§P21 = P4, <3,0< P2, < 1,P2; — P2, = 2)

p, then it use2 tokens with age3, and 1 token with age2.
The age of its youngest token is exactly its enabling timee, (I:
2).
Let (M, ;1) be a state and a transition enabled id/. We (B5f (P3,0 < P32)
define the enabling time, the firing condition and the set &fg. 6. The state zone w.r.t. our semantics of the TPN at Fig. 5
firable transitions as follows:

« The enabling time of is the age of the youngest token

used byt: , semantics. As an example, we report in Fig. 6, the zone based
mig, { k@) [Pre(p, )] } graph obtained for the TPN at Fig. 5.
« The firing condition oft is then:
Ir)réig { u(p)[Pre(p,t)] } € [a(t),B(t)]. V. CONCLUSION

In this paper, we have studied time Petri nets model and
its different semantics: the intermediate, the atomic dred t
firable(M, p) = {t € TIM = Pre(, t)Amin { n(p)[Pre(p,t)] } € [of@rsidlent atomic one. We have shown that the intermediate
e%g?mantics is not an age semantics, and wrongly used can

involve some unexpected and incoherent behaviours: some
tokens may be used by a transition even if, they did not wait
the required time. We observ the same phenomenons in the
context of the atomic and persistent atomic semantics.

To cope with this problem, we have proposed a semantics

based on the age of tokens to deal with conflicts. This
semantics associates clocks with tokens and then allows to

« The set of firable transitions from a stgt&/, i) is:

Formally, our semantics is defined by the transition syst
< Q, (Mo, o), T,—> where@ = ([P — N]) x ([P —
Queues)) is the set of states and the transition relatienis
defined as follows: Le{M, ) and (M’, 1’) be two statest
a transition of7” andd a nonnegative real numbetf € R™).

« Continuous transition:

(M, 1) % (M, ') if?
M'=M

Wo=p+d handle appropriately conflicts, respecting the waitingetiai
vt ¢ }:irable(M, ptd) = ) tokens.
. Discrevgle %ghﬂﬁ%gf”ble(]\/l’“ +d) We have shown, by means of examples, that a TPN may be
(M, 1) N (M, /) if bounde_d w.r.t. the intermediate, atomic or per5|sten.t atom
t € firable(M, p) semantics but unbounded w.r.t. our semantics. Recipgocall
M’ = M — Pre(.,t) + Post(.,1) a TPN may be unbounded w.r.t. the intermediate, atomic or
f;it;jliZ‘;"thJ;trﬁ” ‘Z’f: persistent atomic semantics but bounded w.r.t. our seosanti
Vp €* t, pop from7;/(p) the Pre(p, t) first elements Therefore, there is no relationship between propertiedef t
Vp € t*, push iny/(p) the elemenDd, Post(p, t) times TPN w.r.t. our semantics and others.
Note that in non-conflict situation, our semantics can simu-
B. Calculus of the state zone graph late the intermediate semantics by adding a self-loop piace

The verification of time Petri nets properties is based aach transition.
abstraction, whose aim is to represent, by removing someFinally, as a perspective, we will investigate the comaris
irrelevant details, the infinite state space of the model bydd the expressiveness of our semantics with the others.
finite graph, which preserves properties of interest. Tlaeee
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