
ENFORCING LIVENESS VIA SUPERVISORY CONTROL IN DISCRETE EVENTDYNAMIC SYSTEMS MODELED BY COMPLETELY CONTROLLED PETRI NETSRamavarapu S. SreenivasCoordinated Science Laboratory & General EngineeringUniversity of Illinois at Urbana-Champaign, Urbana, IL 61801, USA.KeywordsSupervisory Control, Petri Nets, Liveness.AbstractWe consider discrete-state plants represented by aclass of Controlled Petri nets (cf. [3, 4]) where ev-ery transition is individually controllable. We referto such models as Completely Controlled Petri nets(CCPNs). For these models, a supervisory policyis an implicitly de�ned table that lists the transi-tions permitted to �re for each reachable marking.A transition in a CCPN is state-enabled at a givenmarking if every input place to the said transitionhas a nonzero token-load. Similarly, a transitionin a CCPN is control-enabled at a given marking ifthe supervisory policy permits the �ring of the saidtransition. A transition in a CCPN has to be state-enabled and control-enabled to �re. The set of valid�ring sequences for a given marking is de�ned ac-cordingly. A transition in a CCPN is live if for everymarking reachable under supervision, there exists avalid �ring sequence that results in a marking un-der which the said transition is control-enabled andstate-enabled (cf. level 4 liveness, section 4.1.4, [6]).A supervisory policy enforces liveness if every tran-sition in the CCPN is live under supervision. Forthe class of CCPNs, we present a necessary and suf-�cient condition for the existence of a supervisorypolicy that enforces liveness.1 IntroductionAreas that involve resource sharing like exible-manufacturing systems, distributed computing andoperations management require an explicit resourceallocation policy that provides clear directives on theequitable distribution of scarce resources. These al-location rules while being satisfactory on a \stand-alone" basis, often fail when interaction among theprocesses is considered. An anthropomorphic anal-ogy could be the well-intentioned directive of waitingfor the other person to use the doorway when twopersons arrive simultaneously at either ends. Whilesensible, this directive creates a deadlock when thec 1996 IEE, WODES96 { Edinburgh UKproc. of the workshop on Discrete Event Systems

individuals on either side apply the same directiveand wait inde�nitely for the other to use the door-way. Analogous situations can occur with greaterseverity in the above mentioned application areas. Itis the study of this phenomenon that is the main fo-cus of this paper. In particular, we study processesmodeled by a class of Controlled Petri nets [3, 4]called Completely Controlled Petri nets (CCPNs).Controlled Petri nets and CCPNs are an extensionof standard Petri nets (PNs) [6, 5]. In the followingtwo paragraphs we introduce the key ideas using PNswith the appropriate addendum for CCPNs.A transition in a PN is live if for any reachablemarking there exists a valid �ring sequence that re-sults in a marking that enables the transition un-der consideration. If all transitions in a PN are live,then the PN is said to be live. Therefore, a livePN does not deadlock, although the de�nition ofliveness is stronger than just the absence of dead-locks (cf. section 2.3, [1]). A Controlled Petri netis derived from a PN by using an additional set ofcontrol-places. Control-arcs are arcs from controlplaces to transitions in a CCPN. The control placescan be thought of as autonomous input places totransitions with a binary token load determined byan external agent, the supervisor. We refer to the\regular" places (i.e. the places that are not control-places) as state-places. The input place set to anarbitrary transition in a CCPN can be partitionedinto state-places and control-places. In this paperwe restrict attention to Completely Controlled Petrinets (CCPNs) where every transition has a uniquecontrol place in its input place set. Stated plainly,the �ring of any transition in a CCPN can be individ-ually prevented by the supervisor. This is the onlyrestriction we impose. Consequently, without loss ingenerality a supervisory policy can be viewed as animplicitly de�ned table that lists transitions that arepermitted to �re for each reachable marking of theCCPN. A transition in a CCPN is state-enabled at agiven marking if every input place to the said transi-tion has a nonzero token-load. Similarly, a transitionin a CCPN is control-enabled at a given marking ifthe supervisory policy permits the �ring of the saidtransition. A transition in a CCPN has to be state-enabled and control-enabled to �re. The notion of avalid �ring sequence for a given marking is de�ned



accordingly. A transition in a CCPN is live, if for ev-ery marking reachable under supervision, there existsa valid �ring sequence that results in a marking un-der which the said transition is control-enabled andstate-enabled (cf. level 4 liveness, section 4.1.4, [6]).A supervisory policy enforces liveness if every tran-sition in the CCPN is live under supervision. Fora given CCPN, the underlying PN can be obtainedby deleting the control places and the control arcs.If the underlying PN of a CCPN is live, the trivialpolicy of control-enabling all transitions under anymarking enforces liveness. In this paper we concernourselves with CCPNs where the underlying PN isnot live and we explore conditions under which a su-pervisory policy that enforces liveness exists.We use the paradigm of supervisory control toenforce liveness in CCPNs. Supervisory control ofDiscrete Event Dynamic Systems (DEDS) was intro-duced by Ramadge and Wonham [8, 7] and has sincebeen studied extensively. It involves a discrete stateplant and a discrete state supervisor usually modeledas automata. The plant and supervisor have an iden-tical alphabet set that is partitioned into controllableand uncontrollable subsets. The plant automatongenerates a language and the supervisor automatonaccepts the language generated by the plant. Thestate of the supervisor is used to decide the control-lable symbols that will be permitted to occur in theplant language. The supervisor is assumed to havean inhibiting action only on the controllable sym-bols. Given a plant automaton, it is of interest tosynthesize a supervisor that prevents the occurrenceof symbols of the plant to enforce speci�cations inthe closed-loop system. The literature in DEDS con-tains a signi�cant amount of work in alternate mod-eling formalism. A Controlled Petri net is a formal-ism that can �nitely represent in�nite-state DEDS.Transitions in a Controlled Petri net that have a con-trol place in the input place set are controllable, andthose that do not are uncontrollable. For CCPNs theuncontrollable transition set is empty.The literature in supervisorycontrol of DEDS concerns primarily two classes ofproblems: forbidden-state problems and forbidden-string problems. The following discussion concerningforbidden-state problems applies to forbidden-stringproblems as well. For forbidden state problems, weidentify a subset of plant states as a desirable set. Asupervisory control policy is a static table that pro-vides a list of controllable transitions to be disabledfor each state reachable in the closed-loop. A super-visory control policy solves the forbidden-state prob-lem if the set of states reachable in the closed-loop isa subset of the desired set. For various reasons it isof interest to identify the control policy that is min-imally restrictive. Ramadge and Wonham provide ageneral technique to identify the maximally permis-sive policy for �nite-state systems in their paper [7].

We turn our attention to the problem in this paper.Here we have a CCPN, the plant, with an underly-ing PN that is not live. Its transitions can be tem-porarily disabled by the supervisor. The objectiveis to implicitly identify a static table that lists thedisabled transitions for the reachable markings un-der supervision to enforce liveness in the closed-loop.The solution to this problem involves two steps: (i)the identi�cation of the set of desirable (legal) states,and (ii) investigating the control-invariance of the de-sirable states. For CCPNs the second step is accom-plished trivially as every transition can be preventedfrom �ring individually. As with many real-worldproblems, the computation of the desirable set cor-responding to the abstract objective/speci�cation ofenforcing liveness is a nontrivial task. The identi�-cation of this set for the liveness speci�cation is acontribution of this paper.In the next section we present a brief overviewof PN theory along with the de�nitions of variousterms used in subsequent text. We present the nec-essary and su�cient condition for the existence of asupervisory policy that enforces liveness in section 3.Finally, in section 4 we conclude with some suggestedfuture research directions.2 Symbols and De�nitionsA Petri net (PN) N = (�, T , �,m0) is an ordered 4-tuple, where � = fp1, p2, : : :, png is a set of n places,T = ft1, t2, : : :, tmg is a set of m transitions, � �(� � T ) [ (T � �) is a set of arcs1, m0:� ! N isthe initial marking function (or the initial marking,and N is the set of nonnegative integers. The stateof a PN is the markingm:�! N that identi�es thenumber of tokens in each place. PNs can representin�nite-state systems as the value of the marking canbe unbounded. A marking m:� ! N is sometimesrepresented by an integer-valued vector m 2 Nn,where the i-th component mi represents the tokenload (m(pi)) of the i-th place. The context shouldsuggest the appropriate usage. For a given markingm a transition t 2 T is said to be enabled if 8 p 2�t, m(p) � 1, where �x := fy j (y, x) 2 �g. Fora given marking m the set of enabled transitions isdenoted by the symbol Te(m). An enabled transitiont 2 Te(m) can �re, which changes the markingm tobm according to the equationbm(p) =m(p)� card(p� \ftg)+ card(�p\ftg); (1)where x� := fy j (x, y) 2 �g and the symbol card(�)is used to denote the cardinality of the set argument.A string of transitions � = tj1tj2 � � � tjk , where tji2 T (i 2 f1, 2, : : :, kg) is said to be a valid �ringsequence starting from the markingm, if,1In this paper we restrict attention to ordinary PNs. Thisis implicitly assumed when we suppose � � (��T )[(T��).
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t4Figure 1: A PN that is not live.� the transition tj1 is enabled under the markingm, and� for i 2 f1, 2, : : :, k � 1g the �ring of the tran-sition tji produces a marking under which thetransition tji+1 is enabled.Given an initial marking m0 the set of reachablemarkings for m0 denoted by <(N , m0), is the setof markings generated by all valid �ring sequencesstarting with markingm0 in the PN N . At a mark-ingm1, if the �ring of a valid �ring sequence � resultsin a markingm2, we represent it as m1 ! � ! m2.A transition t 2 T is live if8m 2 <(N;m0); 9 a bm 2 <(N;m) such that t 2 Te( bm):The PN shown in �gure 1 is not live. This is becausethe markingm = [0 1 0 0 1]T is reachable from theinitial markingm0 = [1 0 0 0 1]T , and Te(m) = ;.In the context of the marking being representedas a nonnegative, integral vector, the i; j-th entry ofthe n � m incidence matrix C of the PN N is amatrix de�ned asCi;j = 8<: �1 if pi 2 �t� t�,1 if pi 2 t� �� t,0 otherwise.So, if x(�) is the Parikh mapping of any valid �r-ing sequence � 2 T � starting at m0, the resultingmarkingm can be represented asm =m0 +Cx(�): (2)Given two integer-valued vectors x, y, we use thenotation x > y (x � y) if each component of x isgreater than (greater than or equal to) the corre-sponding component of y.For a given PN N = (�, T , �, m0), the Karpand Miller Tree (KM-tree) of N , G(N;m0) = (V ,A, 	), is a labeled, directed tree where V is the setof vertices, A is the set of arcs, and 	:A ! V �V , is the incidence function. If a is a directed arcthat connects vertex u to vertex v, then 	(a) = (u,v). Each vertex vi is associated with an extendedmarking �(i) 2 (N [1)n, and each edge in the KM-tree is associated with a transition. The algorithmfor the construction of the KM-tree G(N;m0) = (V ,A, 	) for a given PN N can be found in section 4.2.1

of reference [6]. The KM-tree of any PN is �nite (cf.theorem 4.1, [6], theorem 4.1, [9]). The coverabilitygraph, bG(N;m0) = (bV , bA, b	), of a PN is essentiallythe KM-tree where the duplicate vertices are mergedas one.A Completely Controlled Petri net (CCPN) is ex-pressed as an ordered 6-tuple: M = (�, T , �, m0,C, B), where � = fp1, p2, : : :, png is a set of n state-places, T = ft1, t2, : : :, tmg is a set of m transitions,� � (� � T ) [ (T � �) is a set of state-arcs; C= fc1, c2, : : :, cmg2 is the set of control-places; B= f(ci; ti) j i = 1, 2, : : :, mg, is the set of control-arcs; m0:� ! N is the initial marking function (orthe initial marking, and N is the set of nonnegativeintegers. The CCPN M = (�, T , �,m0, C, B) con-tains the underlying PN N = (�, T , �, m0). Asthere is one control place assigned to each transitionthe underlying PN uniquely determines the CCPN.Therefore, in graphical representations of CCPNs wedo not explicitly represent the control-places.A control u:C ! f0; 1g assigns a token load of0 or 1 to each control place. As with markings, thecontrol can also be interpreted as an m-dimensionalbinary vector u 2 f0; 1gm. It would help to view thecontrol u as follows: if the i-th component of u, oru(ci), is 0 (1) then transition ti is control-disabled(control-enabled). For a given marking m (controlu), a transition ti 2 T is said to be state-enabled(control-enabled) if ti 2 Te(m) (if u(ci) = 1). Atransition that is control-enabled and state-enabledcan �re resulting in the marking given by equation1. A supervisory policy P:Nn ! f0; 1gm, is a partialmap that assigns a control for each reachable mark-ing, and is possibly unde�ned for the unreachablemarkings.For a given CCPN and supervisory policy P, astring of transitions � = tj1tj2 � � � tjk , where tji 2 T(i 2 f1, 2, : : :, kg) is said to be a valid �ring sequenceunder supervision starting from the markingm, if,� the transition tj1 is state-enabled under themarkingm, P(m)j1 = 1, and� for i 2 f1, 2, : : :, k�1g the �ring of the transi-tion tji produces a marking bm under which thetransition tji+1 is state-enabled and P( bm)ji+1= 1.For a given supervisory policy P, the set of reachablemarkings under supervision for a CCPN M with ini-tial markingm0, denoted by<(M ,m0, P), is de�nedas the set of markings generated by all valid �ringsequences under supervision starting with markingm0 in the CCPN M . The KM-tree for a CCPN isthe KM-tree of its underlying PN. For the CCPNM , a transition tji 2 T is live under P if 8m 22Note that card(C) = card(T ) = m.



<(M;m0;P); 9 a bm 2 <(M;m;P) such that tji 2Te( bm) and P( bm)ji = 1: A supervisory policy P en-forces liveness in a CCPN M if all transitions in Mare live under P. If the underlying PN N in a CCPNM is live then the trivial supervisory policy P(m)i= 1, 8 m 2 Nn, 8 i 2 f1; 2; : : :;mg, enforces live-ness in the CCPN M . In the remainder we considernecessary and su�cient conditions for the existenceof a supervisory control policy that enforces livenessin an arbitrary CCPN.3 Main ResultsWe �rst present a necessary and su�cient conditionfor the existence of a supervisory policy that enforcesliveness in theorem 1. This condition is stated onthe potentially unbounded set of reachable markings.We then show that this condition can be equivalentlytested by inspecting the closed-circuits in the �nitecoverability graph. Concepts critical to the proce-dure are de�ned where necessary. The missing algo-rithmic details can be found in reference [10].Theorem 1 For a given CCPNM = (�, T , �, m0,C, B), with an underlying PN N = (�, T , �, m0),there exists a supervisory policy P: Nn ! f0; 1gmthat enforces liveness, if and only if 9 a valid �ringsequence � = �1�2, in N , starting from m0, suchthat1. m2 � m1, and2. the Parikh mapping of �2, x(�2), satis�es therequirement x(�2) > 0.where m0 ! �1 ! m1 ! �2 ! m2.Proof: (Only if part) Let P be a supervisory policythat enforces liveness. It follows that 8 ti 2 T , 8m 2<(M;m0;P); 9 bm 2 <(M;m;P) such that ti 2Te( bm) and P( bm)i = 1: In turn, this suggests the ex-istence of an in�nite sequence of markings f bmig1i=1,and �ring sequences f�ig1i=1, such that m0 ! �1 !bm1 ! �2 ! bm2 ! �3 ! � � � where the Parikhmappings of each �i, x(�i), satis�es the require-ment x(�i) > 0. The in�nite sequence of markingsf bmig1i=1 contains an in�nite nondecreasing subse-quence fmig1i=1 (cf. lemma 4.3, [6], for a formalproof3). That is, elements of the sequence fmig1i=1satisfy the requirement m1 � m2 � � � �. So, 9 �1,�2, such that m0 ! �1 ! m1 ! �2 ! m2, wherem2 � m1 and x(�2) > 0.(If part) For this part we present a supervisorypolicy that enforces liveness given that 9 �1, �2, such3This result is established for the extended, nonnegative,integral vectors, but the proof applies to nonnegative, integralvectors as well.

that m0 ! �1 ! m1 ! �2 ! m2, where m2 �m1 and x(�2) > 0. Intuitively, in a CCPN, the �r-ing of any transition can be individually preventedby the supervisory policy. Therefore, by control en-abling only those transitions in �1�2 in appropriateorder, we can accomplish the goal of enforcing live-ness. However, such a policy might not be minimallyrestrictive. We show that the supervisory policy P,shown below in a C- like procedure, enforces livenessand is minimally restrictive.compute control (m)marking m;f for (i = 1; i � m; i++)if ( (ti =2 Te(m)) or (9 �1, �2,such that m ! ti ! m1 !�1 ! m2 ! �2 ! m3, wherem3 �m2 and x(�2) > 0) )ui = 1;else ui = 0;/* control-enable transition tionly if (i) it is not state-enabled, or (ii) the marking ob-tained fromm by �ring ti,m1,satis�es the requirementm1 !�1 ! m2 ! �2 ! m3, wherem3 �m2 and the Parikh map-ping of �2, x(�2), satis�es therequirement x(�2) > 0 */return ugTo show that P enforces liveness we �rst observethat 8 m1 2 <(M , m0, P), 9 �1, �2, such thatm1 ! �1 ! m2 ! �2 ! m3, where m3 � m2and the Parikh mapping of �2 ,x(�2), satis�es therequirement x(�2) > 0. This can be established byinduction over the length of any valid �ring sequenceunder supervision. This fact is true for m0, thus es-tablishing the base case. As the induction hypothesislet the fact be true for some m reachable under su-pervision from m0. Let m ! ti ! m1, for someti, under the supervision of P. The induction stepis established by observing that the control-enablingof ti at m under P implies that 9 �1, �2, such thatm1 ! �1 ! m2 ! �2 ! m3, where m3 � m2and the Parikh mapping of �2 ,x(�2), satis�es therequirement x(�2) > 0. Hence the observation.Next, using an induction argument over thelength of �1�2, it can be shown that for every reach-able marking m1 with this property, the �ring se-quence �1�2 is valid under supervision. The induc-tion proceeds in two phases. In the �rst phase, we es-tablish the validity under supervision of the sequenceof transitions in �1. The second phase of induction



uses the fact that under the marking m2 the �ringsequence �2 can be repeated ad in�nitum. We skipthe routine, yet laborious, details of the exact in-duction argument for the sake of readability. Thisin turn establishes the fact that 8 ti 2 T , 8m 2<(M;m0;P); 9 a bm 2 <(M;m;P) such that ti 2Te( bm) and P( bm)i = 1: Therefore, the supervisorypolicy P enforces liveness. In addition, P is alsominimally restrictive. To see this, note that P dis-ables a transition only when its �ring would resultin a marking from which it would not be possibleto �re every transition inde�nitely often, a necessarycondition for liveness.We now introduce some additional notation thatwill simplify the following discussion. The fact thatthere exists a path labeled � from vertex vi to vertexvj in the coverability graph is represented as vi !� ! vj. For a vertex vj in the coverability graphwe de�ne the set I1vj of indices of places assigned anin�nite-token load under the extended marking �(vj)as I1vj = f� 2 f1; 2; : : : ; ng j (�(vj))� =1g:In the following theorem we show for a givenmarkingm1, there exists a valid �ring sequence �1�2in the underlying PN, such that m1 ! �1 ! m2 !�2 !m3, andm3 �m2, and x(�2) > 0, if and only,if there is a path v0 ! b�1! v1 ! b�2! v2, in the cov-erability graph bG(N;m1), such that �(v1) = �(v2),x(b�2) > 0, and Cx(b�2) � 0. In words, we convertthe condition on the (potentially unbounded) reach-able markings of theorem 1 to an equivalent test oncircuits in the (�nite) coverability graph.Theorem 2 For a given CCPNM = (�, T , �, m0,C, B), with an underlying PN N = (�, T , �, m0),there exists a valid �ring sequence � = �1�2, in N ,starting from m0, such that1. m2 � m1, and2. the Parikh mapping of �2, x(�2), satis�es therequirement x(�2) > 0.where m0 ! �1 ! m1 ! �2 ! m2 if and only ifthere exists a path b� = b�1b�2 in the coverability graphbG(N;m0), such that1. �(v2) = �(v1), and2. the Parikh mapping of b�2, x(b�2), satis�es therequirement x(b�2) > 0 and Cx(b�2) � 0,where v0 ! b�1 ! v1 ! b�2 ! v2.Proof: (Only if, part) From the given conditionsit can be inferred that �1�2�2 is a valid �ring se-quence. From lemma 4.6, [9], there exists a path

in bG(N;m0) that corresponds to the valid �ring se-quence �1�2�2. Let v0 ! �1 ! v1 ! �2 ! v2 ! �2! v3 in bG(N;m0).From the construction of the KM-tree and thesubsequent construction of the coverability graph,we infer that I1v1 � I1v2 � I1v3 (cf. observation 1,section 4.2, [9]). Since �(v0) =m0, we infer (�(v1))k= (m1)k, k =2 I1v1 ; (�(v2))k = (m2)k k =2 I1v2 ; and(�(v3))k = (m3)k k =2 I1v3 (cf. observation 4, sec-tion 4.2, [9]). Since, I1v1 � I1v2 we infer (�(v2))k �(�(v1))k, k 2 I1v2 . Since,m2 �m1, we infer (�(v2))k� (�(v1))k, k =2 I1v2 . Therefore, �(v2) � �(v1). Ifm3k> m2k ) (Cx(�2))k > 0 ) m2k > m1k ) k 2 Iv2 .But Iv2 � Iv3 , therefore Iv3 = Iv2 . So, (�(v3))k =(�(v2))k = 1, k 2 I1v2 = I1v3 . For k =2 I1v2 = I1v3 ,(�(v3))k =m3k =m2k + (Cx(�2))k =m2k = (�(v2))k.Therefore, �(v3) = �(v2). Letting b�1 = �1�2, b�2 =�2, we satisfy every required condition.(If, part) The critical observation in this part ofthe proof is that if the token loads of the places whoseindices are in I1v2 is made arbitrarily large for somemarking reachable fromm0, following this b�2 can berepeated ad in�nitum. From theorem 4.2 of [9], weknow that 8 k 2 N , 9 m1 2 <(N;m0), such that (i)(m1)i � k, i 2 I1v2 , and (ii) (m1)i = (�(v2))i < 1,i =2 I1v2 . By choosing k large enough, we guaranteethe validity of the �ring sequence b�2 at m2. For theappropriate value of k, let m0 ! e� ! m1 ! b�2 !m2. Since Cx(b�2) � 0, it followsm2 �m1. Also, weare given the fact that x(b�2) > 0. Hence the result.We present below pseudo-code that tests the con-dition of theorem 2. The implementation details canbe found in reference [10]. It is not hard to see thattest condition (m0) returns TRUE if and only if thecondition of theorem 2 or equivalently the conditionof theorem 1 is true for a markingm0.test condition(m)marking m;f Construct the coverabil-ity graph bG(N;m) = (bV , bA, b	) for N ,where the root vertex v0 is assigned thelabel m (i.e. �(v0) = m);8 bvi 2 bV fif ( (9 �, such that bvi ! � !bvi) && (x(�) > 0) && (Cx(�)� 0) )return TRUE;greturn FALSE;g



4 ConclusionIn this paper we presented a necessary and su�cientcondition for the existence of a supervisory policythat enforces liveness in completely controlled Petrinets (CCPNs). The underlying Petri net (PN) ofa CCPN is not restricted; however, it is assumedthat each transition can be individually controlled.As a part of the proof of su�ciency we introduceda minimally restrictive supervisory policy that en-forces liveness in CCPNs that satisfy the necessaryand su�cient condition. We also presented a proce-dure that tests the satisfaction of this condition usingthe �nite coverability graph of the underlying PN.Reference [10] contains a detailed investigation intothe relaxation of the requirement that every transi-tion be individually controllable along with variousimplementation/algorithmic details that are missingin this paper.References[1] M. Ben-Ari. Principles of concurrent program-ming. Prentice-Hall, Englewood Cli�s, New Jer-sey, 1982.[2] M.H.T. Hack. Analysis of production schemataby Petri nets. Master's thesis, MassachusettsInstitute of Technology, February 1972.[3] L.E. Holloway and B.H. Krogh. Synthesis offeedback control logic for a class of controlledpetri nets. IEEE Trans. on Automatic Control,35(5):514{523, May 1990.[4] L.E. Holloway and B.H. Krogh. On closed-loopliveness of discrete-event systems under maxi-mally permissive control. IEEE Trans. on Au-tomatic Control, 37(5):692{697, May 1992.[5] T. Murata. Petri nets: properties, analysis andapplications. Proc. of the IEEE, 77(4):541{580,April 1989.[6] J.L. Peterson. Petri net theory and the modelingof systems. Prentice-Hall, Englewood Cli�s, NJ,1981.[7] P.J. Ramadge and W.M. Wonham. Modularfeedback logic for discrete event systems. SIAMJ. Control and Optimization, 25(5):1202{1218,September 1987.[8] P.J. Ramadge and W.M. Wonham. Supervi-sory control of class of discrete event processes.SIAM J. Control and Optimization, 25(1):206{230, January 1987.[9] C. Reutenauer. The mathematics of Petri nets.Masson and Prentice Hall International (UK)Ltd, Hertforshire, HP2 4RG, 1990. Originallypublished under the titleAspects math�ematiquesdes r�eseaux de P�etri.
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