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Preface

This book stems from the global scientific priority put on the development of the
research on communicating embedded systems. A worldwide scientific community is
motivated by this theme and taking care of the development and promotion of formal
approaches based on mathematical models and implemented by computer-automated
tools. The main objective is to rise to the ever-growing challenge of mastering the
quality of upcoming computer systems.

The computer systems concerned are:

— critical: a strong demand for quality comes from their handling of critical func-
tions or a large-scale deployment;

— complex: their correct functioning depends on the careful use of resources that
are mutually dependent over time. So their analysis on the basis of a formal model
appears to be the most solid scientific approach.

This motivation is not new as the formal methods community has already pro-
duced a great number of results, mainly dedicated to the tasks of formal specification,
verification and proof, and test synthesis. Several studies have been conducted with
industrial partners, and a few of them have finally initiated some industrial software
development processes. However, it remains mostly insufficient with respect to the
increasing computer-related risks. Some progress is expected on the development and
promotion of formal methods used in concrete computer-related problems and ob-
jects, as well as in the systematic research of new application fields and methods.
Beyond the “traditional” application of formal methods to the conception of safe soft-
ware, a significant impact can already be observed on areas of compiling and synthesis
of controllers, diagnosis and supervision, system engineering, or security and safety
engineering.

Chapter written by Claude JARD and Olivier H. ROUX.



xii Communicating Embedded Systems

Considering the widely acknowledged importance of the human and economic
interests at stake with the future embedded systems (encompassing many economic
sectors that have yet to be discovered), it is necessary to take particular interest in
widely diffusing the technical advances of the domain. This is precisely the aim of
this book arranged in an unified manner, such as the elements related to the current
problems of embedded systems, the presentation of the achievements of new research
directions on models and their use, and the presentation of available software tools.
The contributing authors are renowned specialists in their respective fields. We have
taken care of the coordination of the whole book, as leaders of the French national
action AFSEC (“Formal Approaches for Communicating Embedded Systems”), sup-
ported by the CNRS.



Chapter 1

Models for Real-Time Embedded Systems

1.1. Introduction

The class of real-time embedded systems contains software components that con-
trol an application by reacting to stimuli received from a changing environment. There-
fore, they are often referred to as reactive systems. The reaction time of these sys-
tems must be small enough to cope with the internal dynamics of the controlled or
monitored application. They must thus obey the strong timing requirements, and it
is crucial to ensure their correctness from both the functional and temporal points
of view.

Real-time applications are often regarded as safety critical because their failures
may either involve substantial financial losses or endanger human lives. It is also im-
portant to detect any error at an early stage to minimize the costs involved in its correc-
tion. This issue can be addressed by several approaches. Let us consider the following
two approaches: in the first approach, from the application requirements, a model for
the application and its expected properties are derived. Then a controller is proposed,
using expert knowledge, to restrict the application behavior in order to satisfy the
given properties. The next step is to validate the proposed controller using different
techniques such as testing, theorem proving, formal verification, etc. If the controller
is not acceptable, then it has to be reworked on the basis of the knowledge gained
from the reported failures or counter-examples. In the second approach, the controller
will be synthesized automatically from the formal model of the application. If such a

Chapter written by Didier LIME, Olivier H. ROUX and Jiff SRBA.



2 Communicating Embedded Systems

controller exists, which may not be the case, for example, if the requirements are inco-
herent, then a method to implement should be derived. Alternatively, if the controller
model cannot be implemented, the problem has to be reworked from the beginning.

In this chapter, we will address the formal methods relating to these two ap-
proaches and those based on state-transition models. The models presented here deal
with instantaneous actions and real-valued variables. The former approach usually
models relevant events in the systems such as those relative to the command of the
actuators or to the measures of sensors and the latter approach models durations of
processes. These models thus describe subclasses of real-time embedded systems.

1.1.1. Model-checking and control problems

The requirements of a computer application are usually given as a natural language
document. Therefore, they are subject to the interpretation of the persons who will
derive the specification from them, which may result in many errors. Moreover, it is
impossible for a conceptor to understand all possible interactions of the components
of any reasonably sized application.

Formal methods aim at providing a mathematical framework for a clear, non-
ambiguous and precise description of the systems and programs we want to develop.
In this framework, the system is described by a labeled transition system or any model
abstracting such a systems, e.g. automata, Petri nets, process algebra, etc. The spec-
ification may be either described in the same manner or as a property expressed in
a suitable logic, such as linear temporal logics (LTL) or tree-based temporal logics
(CTL), or even their timed extensions. A classical example of a real-time property
is the bounded response property which requires that for the execution of the system,
whenever some predicate P, on the states of the system becomes true, then some other
predicate P; will become true, within n time units.

Among formal methods, model-checking is an automatic procedure that verifies
whether a system satisfies a given temporal logic property. It usually works by explor-
ing parts of the set of possible states of the system.

Controller synthesis consists of automatically synthesizing a program (the con-
troller) that leads the interaction mechanisms with the environment (the application)
and guarantees a safe and correct behavior of the coupled system. The set of actions
of the system is partitioned into two disjoint subsets: a set of controllable actions and
a set of uncontrollable actions. They usually correspond to the commands to actuators
and the measures of sensors, respectively. The controller of the application may act
on the controllable actions (and only on them) and the resulting system is said to be
closed (as opposed to the system without the controller, which is said to be open).
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Let us now compare the model-checking and control problems more precisely. In
the model-checking problem, an already closed system is considered; let us call it
Sclosed- This system may be best viewed as an application S’ to which a controller
C has been added. The expected correctness property is given by a formula ¢ in a
suitable logic. The model-checking problem consists of deciding the question “does
Sclosed satisfy ¢?” or equivalently “does S controlled by C' satisfy ©?” which we will
explain by:

Does S || C = ¢? [1.1]

The control problem is more general: it asks us to decide whether there exists a
controller C of S such that the expected property ¢ is verified by Sciosed:

Does there exist C' such that S || C' = ¢? [1.2]

This problem is generally more complicated than the classical model-checking
problem. To find an answer to problem [1.2], the search-space of admissible con-
trollers has to be defined first: for example, we might want a controller with a bounded
memory (modeled, e.g. as a finite automaton or a Petri net). Moreover, the controller
must be restrictive enough to enforce the expected safety properties and also allow
enough to avoid an excessive limitation of the behaviors of the system. Finally, there
is another problem related to the control problem: the controller synthesis problem
asks us to effectively compute the controller C.

1.1.2. Timed models

Considering an expected property of the system, a suitable model can be defined
as an abstraction of the system such that the answer to the considered problem (ver-
ification, control, etc.) is same for both the system and its model. This implies that
a model is relevant only for a given set of properties and need not perfectly match
the real behaviors of the system. However, there is usually an opposition between the
expressivity of a class of models, i.e. its ability to faithfully account for a number of
characteristics of the system, and the simplicity in its analysis, i.e. decidability and
algorithmic complexity of the verification or control problems.

The choice of an expressive-enough model avoids the pessimism inherent to the
over-approximation of the real behavior of the system. Thus, a coarse model may show
behaviors that are actually prevented in the real system by some device not taken into
account by the model. This pessimism may lead to the conclusion that some safety
property is false on the model, whereas it is actually true. It may also lead to the
generation of a state-space with no finite abstraction, whereas it would have been
finite with a finer model. In particular, the state-space of an untimed model may have
no finite abstraction, whereas adding timing information to the model may restrict the
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behaviors to make a sufficient number of discrete states bounded and thus provide a
finite abstraction.

Furthermore, in a number of applications, the requirements contain some prop-
erties that explicitly refer to durations between the two events. To account for such
properties, a suitable model must embed some timing information rather than just the
logical succession of events (logical time) expressed by models like finite automata or
Petri nets. It must then model the dynamics of the application and/or the reactivity of
the control system and provide quantitative timing information, thus enabling the ver-
ification of properties such as response times and making more precise failure causes
to appear.

The models

Very general (and low-level) models such as transition systems (timed or untimed)
are not directly usable for verification or control because they can represent any sys-
tem without any restriction, which will usually imply the non-existence of finite repre-
sentations. Therefore, we focus on higher level models, which can be analyzed using
finite abstractions, but their semantics are given as transition systems.

In the untimed case, the simplest model is certainly a non-deterministic finite au-
tomaton, i.e. a labeled transition system with a finite number of states. Two other
mainstream models are Petri nets and process algebras like calculus of communicat-
ing systems (CCS) [MIL 89]. All these models can be described in a finite way, even
if their unfloodings in transition systems are usually infinite.

In the timed case, these models have been extended with timing information.
Among these models, let us cite timed automata (TA) [ALU 94], extending finite au-
tomata, timed Petri nets [RAM 74], time Petri nets (TPNs) [MER 74], timed-arc Petri
nets (TAPNs) [BOL 90, HAN 93], and timed process algebra such as TCCS [YI 91],
one of the extensions of CCS. In this chapter, we focus on these “timed” models for
which time is handled explicitly and, more precisely, on TA, TPNs and TAPNs.

Finally, the timed models can be further extended by using stopwatches to account
for time elapsing, instead of clocks. These models are suspension/resumption of ac-
tions. The derivatives of the continuous variables relative to stopwatches can take only
two values expressing either progression (1) or suspension (0). These models belong
to the class of hybrid systems and they can model useful patterns such as pre-emptive
scheduling in real-time systems.

Dense time vs. discrete time

Timed formal models account for the evolution of a system by both discrete in-
stantaneous actions and time elapsing. The latter may be modeled either as a variable
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valued over a dense domain (e.g. R) or over a discrete domain (e.g. N). This leads to
the models being called “dense time” and “discrete time,” respectively’. The choice
between the two may be motivated by the following pros and cons:

— real-life applications evolve along the physical time, which is best thought of
as continuous and dense. Therefore, considering a discrete time leads to an under-
approximation of the real behaviors of the application. However, in view of building a
controller, the application is only monitored at specific moments in time (sampling or
sporadic observations);

— the controller is made of a set of tasks running on one or several processors,
whose physical time is discrete. Using a dense-time model for the controller might
thus add behaviors not possible in the real system (depending on the time granularity
of the processors). However, it is perfectly possible to model a discrete behavior using
a dense-time model.

More pragmatic considerations on computational complexity or decidability of the
verification and control problems may also favor the choice of models:

— state-space computation of dense-time models can be done using symbolic meth-
ods which gather finite or infinite number of states into equivalence classes, thus miti-
gating the combinatorial explosion commonly found with discrete-time models, when
explicitly enumerating the states. However, efficient data structures exist on the basis
of extensions of binary decision diagrams (BDD) that can partly handle the combina-
torial explosion of the number of states;

— for some models, such as those featuring stopwatches for instance, the reacha-
bility of a given state is an undecidable problem when a dense time is considered; then
there exists no algorithm solving the verification problem or simply computing the
state-space, but only semi-algorithms. However, using a discrete time and bounded
time constraints, the reachability problem (and many others) is decidable for those
models.

1.2. Notations, languages and timed transition systems

General notations
— the set B contains the Boolean values tt and ff;

— N, Q, R denote the sets of natural numbers, of rational numbers, and of real
numbers, respectively;

—R>¢ is a set of non-negative real numbers and Ry = R>( \ {0} is a set of
positive real numbers; we will also use these subscripts for N and Q;

—forn € N, R" is the space of real vectors of dimension n;

— for any finite set E, we denote the cardinality of F by |FE

)
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— B# denotes the set of applications from A to B. If A is finite and |A| = n, an
element in B4 is also a vector in B". The usual operations +, —, <, <, >, >, and =
are extended component-wise to vectors in A", with A € {N,Q, R};

— a valuation v on a set of variables X is an element of RS . For v € R and
d € Rxg, v + d denotes the valuation (v + d)(z) = v(z) + d, and for X’ C X,
v[X' + 0] denotes the valuation v’ with v/(z) = 0if x € X’ and v/ (x) = v(x)
otherwise. The symbol 0 denotes the null valuation such that Vo € X, v(z) = 0;

—let X be a set of variables. An atomic constraint on X is a formula of the form
z ~cwithz € X, ¢ € Q> and ~€ {<,<,>,>}. C(X) denotes the set of con-
straints on X made from the conjunction of atomic constraints on X. Moreover, we
denote by Cyp,, (X) the set of conjunctions of terms of the form x — 2’ ~ corz ~ ¢,
withz, 2’ € X, ~e {<,<,=,>,>}and c € Q;

— for a constraint ¢ € C(X) and a valuation v € R, we denote by p(v) € B the
truth value of ¢ obtained by substituting each occurrence of z in ¢ by v(z). We thus
define [p]= {v € RE, | p(v) = tt}.

Timed words and languages

Let X be a finite set called alphabet. ¥* (resp. ¥*) is the set of finite (resp. infinite)
sequences of elements of ¥ and X*° = ¥* U X*. We will call finite words on the
alphabet X the elements of X* and infinite words on the alphabet X the elements of
v,

We define . = X U {e} with ¢ ¢ X, where ¢ represents a particular action (or
letter), said to be silent or non-observable.

DEFINITION 1.1(TIMED WORD).— A timed word w on an alphabet X is a finite or
infinite sequence w = (ag,dp)(a1,dy) - (an,d,)--- suchthat forall i > 0, a; € %,
d; € Rzg and d,url > d;.

A timed word w = (ag,dp)(a1,d1) -+ (an,d,) - on X can be considered as
a pair (a,d) € ¥ x R with |a| = [d|. The value d; gives the absolute date
(considering the system starts at date 0) of action a;.

We denote Untimed(w) = apaj---ay--- the untimed part of w, and
Duration(w) = supy, ¢4 d; the duration w.

We denote 7W™*(X) (resp. 7 W* (X)) the set of finite (resp. infinite) timed words
on X and we define 7TW™(X) = TW*(2) UTW* ().

DEFINITION 1.2(TIMED LANGUAGE).— A timed language L on ¥ is a subset of
TW>(%).



Models for Real-Time Embedded Systems 7

Timed transition systems

We discuss systems that can be described by a labeled transition system, i.e. a set
of states and a set of transitions between states, labeled by actions. In a given state, it
is possible to change the state by executing the action by labeling one of the outgoing
edges. A run in the transition system is then a sequence of transitions.

Timed transition systems (TTSs) are special transition systems for which two types
of transitions are possible: action transitions and time transitions, modeling, discrete
and continuous evolutions of the system, respectively.

DEFINITION 1.3(TIMED TRANSITION SYSTEM).— A (labeled) timed transition sys-
tem is a 4-tuple S = (Q,Qo, X, —) where @ is a set of states, Qy C @ is the
subset of initial states, X is a finite set of actions (disjoint from R>(), —C @ x
(X UR>g) x Q is a set of edges called transition relation. When (g, e, ¢') €—, we

also write ¢ — ¢’. The transition relation consists of a continuous transition relation

deR> . . .. a€A
———— and a discrete relation transition ——.

We make the following standard assumptions on TTS:
— 0-DELAY : ¢ Lq’iffqzq’;

— ADDITIVITY: if ¢ LN q' and ¢’ AN ¢’ with d, d’ € R>, then g drd q";

— CONTINUITY: if ¢ N ¢, then forall d’, d” € R>( such that d = d' 4 d”, there

) d 4"
exists ¢’ such thatg — ¢ — ¢’ ;

— TIME DETERMINISM: if ¢ 4, ¢’ and g LN q" with d € R, then ¢’ = ¢”.

DEFINITION 1.4(RUNIN A TTS).— A run pinaTTS S is a finite or infinite sequence
of continuous and discrete transitions in S. The set of runs of a TTS S is denoted by

S].

A run can always be written as an alternating sequence of continuous (possibly by
delay 0) and discrete transitions:

a dy a d,

do / / /
P=4q0 — 9o q1 q1 ln ap -

ai

We note Untimed(p) = qy —— qi — --- and Duration(p) = i d;, if p is
finite and of size n, and, when p is infinite, Duration(p) = .2 d;, if the series
converges (p is then said to be Zeno) and Duration(p) = oo, otherwise.

DEFINITION 1.5(TRACE).— The trace of a run p = ¢ o, @ s qq
LN gy - -- in a TTS is the timed word trace(p) = (ag,dy) - - - (ag,dx) - - - such that

o =0 di.
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A timed word w, possibly infinite, is accepted by the TTS S = (Q, Qp, X, —),
if there exists a run of S starting from some initial state ¢y € (), and whose trace is
w. We could also define a set of accepting (or repeated) states in which the run has
to finish (or to visit infinitely often for infinite runs). Here, we consider that this set
is Q. The timed language L(S) accepted by S is the set of timed words accepted by
S. In the case of finite words, as all states are accepting any prefix of an accepted
timed word is also accepted, and so, we say that the corresponding timed language is
prefix-closed.

The untimed language L, (S)) of the TTS S is the set of words accepted by S in
which time actions have been abstracted: £, (S) = {trace(Untimed(p))|p €[S]}.

Finally, when a TTS is defined on 3, i.e. some discrete actions are labeled by ¢,
its language is defined as the language of the corresponding e-abstract TTS.

DEFINITION 1.6(¢-ABSTRACT TTS).— Let S = (Q,Qo,X.,—) be a TTS. We
define a corresponding e-abstract TTS S° = (Q, Q5, %, —.) by:

-q ’d% ¢ with d > Ry iff there exists a run p = ¢ — ¢ with
trace(Untimed(p)) € €* and Duration(p) = d;

— ¢ —. ¢ with a € Xiff there exists arun p = ¢ — ¢’ with trace(Untimed(p)) €
e*ae* and Duration(p) = 0;

-Q5={q|3¢ € Qo| p=4q — qand Duration(p) = 0 A trace(Untimed(p)) €

e*}.

1.3. Timed models

Transition systems are very general and low-level formalism. A problem arises
as their representations can be infinite, which greatly impairs our ability to perform
automatic verification or control this formalism. Therefore, we will study higher level
models, for which the representation is finite, and the behavior can be encoded by
a (possibly infinite) transition system. This defines classes of transition systems for
which the problems of interest are decidable or at least more easily expressible.

1.3.1. Timed Automata

Presentation

Timed Automata are basically non-deterministic finite automata equipped with
real-valued clocks. They have been introduced by Alur and Dill [ALU 94] and ex-
tended with the notion of location invariant by Henzinger et al. [HEN 94]. The notion
of time in TA relies both on the added clocks and on predicates involving these clocks.
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a

Figure 1.1. A timed automaton

These predicates can either be a guard associated with a transition and must be true
for the transition to be taken, or an invariant associated with a location and must be
true for the system to stay in that particular location.

Figure 1.1 describes a simple example of timed automaton. The initial location
is lp. The automaton has only one clock, named x, such that x is initially zero and
the invariant of [, implies that the system can stay there during (strictly) less than
four time units. As soon as three time units have elapsed, the guard of the transition
between [y and [; is satisfied (and the invariant of [; will be satisfied if the transition is
taken), so the transition can be taken. If we do so, the clock z is reset and [; becomes
the active location.

Definitions
DEFINITION 1.7(TIMED AUTOMATON ).— [HEN 94] A Timed Automaton is a 6-
tuple (L, 1y, X, %, E, Inv) where:

— L is a finite set of locations;

—ly € L is the initial location,;

— X is a finite set of non-negative real-valued clocks;

— X is a finite set of actions;

- E C LxC(X)xXx2% x Lis afinite set of edges. Lete = (I,g,a,R,l') € E,
then e is an edge between [ and I’, with the guard g, the action a and the set of clocks
to reset R;

— Inv € C(X)" sets an invariant for each location.

We define the semantics of a timed automaton as a timed transition system.

DEFINITION 1.8(SEMANTICS OF A TA).— The semantics of a timed automaton A is
a timed transition system S4 = (Q, Qo, X, —) where:

—Q =L x (RZ())X;
- Qo = (lh,0);
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- —C Q x (EUR>() x Q is the relation defined for a € ¥ and d € R> by:
- the discrete transition relation: (I, v) = (I',v') iff 3(, g,a, R,I') € E s.t.

g(v) =1,
V' =v[Rw— 0],
Inv(l) (V') =tt

. . . d .
- the continuous transition relation: (I,v) — (I,v') iff

vV =v+d,
vd' € [0,d], Inv(l)(v +d') =tt.

Decidability of classical problems

The region graph construction provides a universal tool for arguing about the de-
cidability of several problems on TA [ALU 90, ALU 94]. Using this technique, it
was shown, e.g. that reachability is decidable in PSPACE for TA [ALU 94] as well
as for networks of TA [ACE 02], untimed language equivalence for TA is decid-
able in PSPACE [ALU 94], and untimed bisimilarity for TA is decidable in EXP-
TIME [LAR 97].

Practically more efficient algorithms are usually achieved by considering zones
instead of regions (see e.g. [BEN 03]). Somewhat surprisingly even timed bisimilarity
for TA is decidable. Using region graphs on a product construction, timed bisimilarity
was shown to be decidable in EXPTIME [CER 93].

Unfortunately, timed language equivalence for TA is already undecidable
[ALU 94]. In fact, even the universality problem (whether a given timed automaton
generates all timed traces) is undecidable too.

1.3.2. Time Petri nets

Petri nets and time

The three main time extensions of Petri nets are timed Petri nets [RAM 74], TPNs
[MER 74], and TAPNs [BOL 90, HAN 93].

In timed Petri nets, time is modeled by minimal durations (or exact when consid-
ering an “as soon as possible” execution of the net) for the firing of transitions. In
TPNs, time is modeled by intervals constraining the possible firing dates of the tran-
sition. Moreover, time can be bound to timed transitions, timed places, timed arcs, or
timed tokens. The resulting classes of TPNs are included in the corresponding classes
of TPNs [PEZ 99].
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Weak vs. strong semantics

We can further distinguish two semantics for TPN models: in weak semantics,
timed actions are available in the span of the interval but can be ignored, and in strong
semantics, time cannot progress if an action is possible and the value of the clock
bound to it has reached the upper bound of time interval. The strong semantics permit
to approach model urgency, which is an essential feature of real-time systems. Ex-
cept for T-time Petri nets (where time intervals are bound to transitions) with strong
semantics, the evolution of the net may also lead to the presence of so-called “dead”
tokens in the net which cannot be used for any transition firing and may be sometimes
difficult to interpret.

Single-server vs. multi-server semantics

We can finally distinguish the single-server semantics from multi-server semantics
[BOY 01, BER 01]. The number of clocks to be considered is finite with the single-
server semantics (one clock per transition, one per place, or one per arc), whereas in
general it is not in the case of multi-server semantics.

Timed-arc Petri nets have been mainly studied with weak (lazy) multi-server se-
mantics [HAN 93, RUI 99, FRU 00, NIE 01, RUI 00, ABD 01, ABD 07, SRB 05,
BOU 08]: this means that the number of clocks is not finite but the firing of transi-
tions may be delayed, even if this implies that some transitions are disabled because
their input tokens become too old. In fact, in TAPNs, time is assigned to tokens and
arcs are labeled by the intervals that restrict the age of available tokens. The reachabil-
ity problem is undecidable [RUI 99] for this class of Petri nets but thanks to the weak
semantics, it enjoys monotonic properties and falls into a class of models for which the
coverability and boundedness problems are decidable [RUI 00, ABD 01, ABD 07].

Conversely, T-time Petri nets [MER 74, BER 91] and P-time Petri nets [KHA 96]
have been studied only with a strong single-server semantics. They do not have the
monotonic features of the weak semantics although the number of clocks is finite. The
marking reachability and coverability problems are known to be undecidable [JON 77]
but marking coverability, k-boundedness, state reachability, and live-
ness are decidable for bounded T-time Petri nets and P-time Petri nets with strong
semantics.

Therefore, T-time Petri nets with a strong single-server semantics are most widely
used for modeling real-time systems, and we will mainly focus on them in this book,
when dealing with Petri nets. We will generally refer to them as simply TPN.

Timed-arc Petri nets are conceptually different from T-time Petri net model and
since T-time Petri net and TAPNs are both the most widely used and studied for
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single-server and multi-server semantics, respectively, they are discussed in detail in
sections 1.3.2.1 and 1.3.2.2.

1.3.2.1. T-time Petri nets

T-time Petri nets [MER 74] are basically Petri nets equipped with time intervals
[(t), B(t)] bound to each transition ¢ of the net. To be fired, a transition must be
enabled without interruption for a duration between «(t) and 5(t).

1.3.2.1.1. Definitions
DEFINITION 1.9(T-TIME PETRI NET ).— A T-time Petri net is a 7-tuple N' =
(P, T,°(.), ()%, «, 8, My), where:
- P ={p1,p2,...,pm } is a finite non-empty set of places;
~T ={t1,ts,...,t,} is a finite non-empty set of transitions (T N P = 0);
—*(.) € (NPT is the backward incidence function;
—(.)* € (N?)T is the forward incidence function;
— My € N” is the initial marking of the net;

—a € (Rx)" and B € (R>g U {oco})T are functions giving for each transitions:
the earliest and latest firing time (o < (3), respectively.

A marking M of the net is an element of N’ such that for any p € P, M(p) is the
number of tokens in place p.

A transition ¢ is said to be enabled by the marking M, if M > °t,i.e., in M, the
number of tokens in each input place of ¢ is greater or equal to the valuation of the arc
between that place and ¢. We denote this by ¢ € enabled(M).

A transition ¢ is said to be newly enabled by the firing of the transition ¢ from
marking M, which we denote by Tenabled(t, M, t’), if ¢ is enabled by the new mark-
ing M — *t' + ¢'* but was not by the marking M — *t’. Formally speaking,

Tenabled(t, M,t') = (t <M —*t' +t"*)A((t=t") v (*t > M —°t')).
Similarly, ¢ is said to be disabled by the firing of ¢’ from marking M, which we
denote by disabled(t, M, '), if ¢ is enabled by M but is not anymore by M — *t' +¢'®.

By extension, we denote by | enabled(M,t") (resp. disabled(M,t')) the set of
transitions newly enabled (resp. disabled) by the firing of ¢’ from M.

As for timed automata, we define the semantics of time Petri nets as a timed tran-
sition system.
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DEFINITION 1.10(SEMANTICS OF A TPN).— The semantics of a T-time Petri net A/
isaTTS Sy = (Q, qo, X, —) where:

-Q=N"x(Rx))";
- q = (Mo,0);
-x=T,;
- —C Q x (TUR>() x Q is the relation consisting of:
- the continuous relation transition defined for any d € R by:

vV =v+d,

d AN
(M, v) = (M, v7) iff { Ve € T,M > *t, = v/ (t) < B(ty);

- the discrete relation transition defined for ¢; € T by:

M > .tia
) alt) < vit:) < B(t),
(M,v) 5 (M, V') iff { M’ =M —*t; +1t°,
, | 0, if Tenabled(t;, M,t;),
Vi, v (1) = { v(ty), otherwise.

When a discrete transition is possible from a state s = (M, v) of (the semantics
of) the net, we say that the corresponding transition of the net is firable.

DEFINITION 1.11(FIRABLE TRANSITION ).— Let s = (M, v) be a state of the se-
mantics of a TPN. A transition ¢ is said firable from s if M > *t and a(t) < v(t) <

B(t).

Note that, with this semantics, when a place contains more than necessary tokens
to enable an outgoing transition, that transition is enabled only once. In particular,
only one clock is implicitly associated with it, measuring the duration of the enabling.
This is the single-server semantics. This semantics is illustrated in Figure 1.2, where
we suppose that ¢; is firable. In Figure 1.2(a), {; and ¢» are enabled by marking M
and by M’ = M — *t; + t} but not by M — *¢;. Hence, the transitions ¢; and ¢, are
both newly enabled by the firing of ¢; .

In Figure 1.2(b), t; and t, are enabled by marking M and by M’ = M — *t; +1},
but also by M — °t;. In this case, ¢; is newly enabled by its own firing ¢; (because it
is the fired transition) but not ¢»: to remains enabled (and the associated clock keeps
its value).

The semantics can be adapted to allow a transition to be enabled several times at
once [BER 01]. We then consider the multi-server semantics and the number of clocks
becomes potentially infinite.



