Proceedings of the 41st IEEE
Conference on Decision and Control
Las Vegas, Nevada USA, December 200:

TuPO01-3

Petri net control using event obsewersand timing information

AlessandrdGiua, CarlaSeatzu

Dip. di Ing. ElettricaedElettronica,Universitadi Cagliari
Piazzad’Armi, 09123Cagliari,Italy
{gi ua, seat zu}@li ee. unica. it

Abstract

Theuseof anobsenerin Petrinetcontrolmaysignificantly
reducethe performanceof the closed-loopsystembecause
of theincompleteknowledgeof the netmarking.In this pa-
perwe presenainalgorithmthatusegheinformationonthe
timing structureassociatedo the netto improve the mark-
ing estimate This proceduranaybeinvokednotonly when
the controlledsystemhasentereda blocking condition (as
in a previous work) but alsowheneer a transitionhasnot
fired for a time larger thanits expecteddelay The algo-
rithm requiressolving a numberof integerlinear program-
ming problemsandhelpsusto detectpartialdeadlocksand
to accelerat¢hecornvergenceof themarkingestimatiorpro-
cedure.

1 Intr oduction

In this paperwe dealwith the issueof controllingatimed
Petri net whosemarking cannotbe measured. The state-
feedbackcontrol of discreteeventsystemswith incomplete
information has already been discussedin the literature
[6, 7, 11, 13]. In particular we assumehat the net struc-
ture is completelyknown while theinitial markingis only
known to belongto a “macromarking”,i.e., we know the
token contentsof subsetf placesbut not the exacttoken
distribution.

In previousworks [6, 7] it wasshavn how it is possibleto

estimatethe actualmarking of the net basedon the obser

vationof aword of events(i.e., transitionfirings) andanal-

gorithmwasgivenfor computingthe markingestimateand
error bound. The estimateis alwaysa lower boundof the
actualmarking. The systemthat computeshe estimateis

calledanobsener. Thespecialstructureof Petrinetsallows

usto usea simplelinear algebraicformalismfor estimate
anderror computation.In particular the setC of markings
consistentvith anobsenedword, i.e.,thesetof markingsin

which the systemmayactuallybe giventheobsenedword,

can easily be describedin termsof the obserer estimate
andcanbe characterizeésthe integersolutionsof alinear
constraintset.

In [6, 7] we have shavn how the estimategeneratedy the
obsener may be usedto designa statefeedbackcontroller,
thatensureghatthe controlledsystemnever entersa setof
forbiddenstates. We considereda specialclassof specifi-
cationsthat limit the weightedsumof markingsin subsets
of placescalled generalizedmutual exclusion constraints
(GMEC).

Clearly, the presenceof an obserer in the feedbackioop,
i.e., the useof marking estimatesas opposedo the exact
knowledge of the actualmarking of the plant, leadsto a
worseperformanceof the closed-loopsystem. In fact, the

0-7803-7516-5/02/$17.00 ©2002 |IEEE

Francescdasile

Dip. Ing. dell'informazionee Ing. Elettrica,Universit di Salerno

787

Via PontedonMelillo, 84084Fisciano(Salerno)/taly
fbasile@nisa.it

controllermay disabletransitionswhosefiring is perfectly
legal, and becausef this it may be the casethat the con-
trolled systemis blocking. This problemwastackledin [2]
wherewe shaved that the set of deadlockmarkingsof a
structurallyboundedP/T netcanbecharacterizedsthein-
teger solutionsof a linear constraintset. We assumedhat
if no transitionfiring occurswithin a reasonablemountof
time in a controlled system,a deadlockhasoccurredand
a deadlockrecovery procedures invoked. In sucha pro-
cedurethe additionalinformationthat the controllednetis
deadlocledis usedto reducethe setof consistentnarkings
C, thus obtaininga betterestimateof the actualmarking.
In fact, givenanet N whereT” is the subsebf transitions
enabledby the controller, if no transitioncanfire, thenthe
actualmarking M mustalsobelongto the set M, (N') of
blockingmarkingsfor the net N’ obtainedfrom N remov-
ing all transitionsnotin 7”. This smallersetof consistent
markingsC N M;(N') canalsobe characterizedby a lin-
earconstrainset. A smallersetof consistentnarkingsmay
allow usto computea lessrestrictive control patternandto
recover from a deadlockcreatedby the presencef an ob-
senerin thefeedbacKoop.

In this paperwe extendthis resultandfocusour attentionto
timed Petrinets,i.e., Petrinetswherea delayis associated
to eachtransition. The delayrepresentshe time that must
elapserom the enablingof thetransitionuntil it fires.

We proposea new controlalgorithmthat usesthe previous
markingestimateand control approachput that alsotakes
into accountheknowledgeof thedelaysandof theenabling
statusof eachtransition.In fact,whenatransitiont hasbeen
controlenabledor atime longerthanits delaywithout fir-
ing (we saythatit hastimed-out),thenwe know that the
actualmarkingdoesnotenablet. If Ty, is the setof transi-
tionsthathave timed out, repeatinghe previous reasoning
we canbesurethatthe actualmarking M mustalsobelong
to the set of blocking markingsfor the net Ny, obtained
from N removing all transitionsnotin T,

This algorithm not only allows the controller to recover
from a total deadlock(asin [2]) but it allows oneto de-
tect partial deadlocksas well, andin generalit improves
andaccelerateshe corvergenceof the markingestimation
procedure.

2 Background on Petri nets

In this sectionwe recall the formalism usedin the paper
For moredetailson Petrinetswe addresgo [9].

A Place/Tansition net (P/T net) is a structure N
(P, T, Pre, Post), whereP is asetof m placesI is aset
of ntransitions;Pre : PxT — NandPost: PxT — N
arethe pre— andpost— incidencefunctionsthatspecifythe
arcs;C = Post — Pre is theincidencematrix. The preset
andpostsebf anodeX € P U T aredenoted® X and X*



while*X*® =* X U X*.

A markingis avectorM : P — N thatassigngo each
placeof aP/T netanon-n@ativeintegernumberof tokens,
representedly blackdots. In thefollowing we denoteM (p)
themarkingof placep.

A transitiont is enabledat M if M > Pre(-,t) andmay
fire yielding the marking M’ = M + C(-,t). We write
M [w) M’ to denotethatthe enabledsequencef transi-
tionsw mayfire at M yielding M’, or equialentlywe use
the notationM’ = w(M) andM = w~(M'). Moreover,
we denotew(My) = M,,. Finally, we denotewy the se-
guenceof null length.

A marking M is reatablein N from M, iff thereexists
afiring sequencev suchthat My [w) M. The setof all
markingsreachabldrom M, definesthereadability setof
(N, M) andis denotedR (N, My).

A nonngjative integervectorZ # 0,,, suchthatz? - ¢ =

0, T is calleda P—invariant (here(, denotesak x 1 vector
of zeros).

A transitiont is saidto belive if for any M € R(N, My),
thereexistsa sequencef transitionsfirablefrom A which
containst. A Petrinetis saidto beliveif all transitionsare
live. A Petrinetis saidto be deadlo&—freeif atleastone
transitionis enablecat every reachablenarking.

A placep is saidto be boundedf thereexists a constant
suchthat M (p) < kforall M € R(N, My). A netsystem
is boundedf all placesarebounded.A netis structurally
boundedf it is boundedor all initial markings.

Definition 1 Givenanet N = (P, T, Pre, Post), anda
subsefl” C T of its transitions we definethe 7" —induced
subnetof N asthe newv net N’ (P, T, Pre', Post')
where Pre/, Post’ arethe restrictionof Pre, Post to T".
ThenetN' canbethoughtasobtainedrom N removing all
transitionsn 7'\ 7”. We alsowrite N’ <7 N. |

A deterministictimed P/T netis a pair (N, d), whereN =

(P, T, Pre, Post) is astandardP/T net,andé(t) : T —

Ry, calledreleasalelay assignsa non-neyativefixedfiring

durationto eachtransition.A transitionwith areleaselelay
equalto 0 is saidto be immediate. The valueof é(¢) rep-
resentghe time that mustelapse startingfrom the time at
which the transitiont is enableduntil it fires. We usesin-

gle senersemanticsi.e., no concurrenfirings of the same
transitionarepossible.

Finally, we concludethis sectionrecallingalinearalgebraic
characterizatiorof deadlockmarkingsderived in [2] that
will beusedn thepaper Suchacharacterizatiois valid for
ordinaryandstructurallypboundedPetrinets.Notethatsim-
ilar linear characterizationfiave beenindependentlypro-
posedn [1, 3, 10].

Theorem2 ([2]) Givena structurally boundedhet N with
m places,a marking M € N™ is a deadlo& markingif
andonly if there existsa vectors € {0, 1} sud that the
following setof linear equationds satisfied:

Ky - Pre” -5> Post” -3 (a)
Ky 5+ M<K, -1, (b)

) PreT-3>1 (d) )
M e N™ (e)
§e{0,1}™ )
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whee K; = maxycp Post” (-,t) - T and K, is anypositive
integer greateror equalto the maximumstructural bound
of p, for anyp € P. |

By virtue of thelinearcharacterizatiombove, we definethe
setof blockingmarkingsof anetN as:

Mp(N) ={M | 35€{0,1}": (M,5) e DIN)}. (2)

3 Marking estimationwith macromarkings

In this paperwe assumehat partial information aboutthe
initial markingis available. In particulay we assumethat
theinitial markingis givenin theform of amaciomarking

Definition 3 ([7]) Assumethat the setof placesP canbe
writtenastheunionof r+1 subsetsP = P,UP,U---UP,
suchthat B, N P; = @, for all j > 0. The numberof
tokenscontainedin P; (j > 0) is known to be b;, while
the numberof tokensin P, is unknown. For eachP;, let &;
be its characteristioector, i.e., v;(p) = 1if p € P;, else
vj(p) = 0.

The macomarkingdefinedby V = [#y,--- ,7,] andb =
[b1,-- - ,by] is the setof markingsV(V, 3) ={M e N™ |
VTM =b}. [

The notion of macromarkingoccursfrequently when de-
scribingsystemscontaininga known setof resourcege.g.,
parts,machines)vhoseactualconditions(e.g.,exactloca-
tion of partswithin the plant, stateof a machine)is un-
known.

We male the following assumptionsA1) The structureof

thenetN = (P, T, Pre, Post) is known, while theinitial

marking My is not. A2) The event occurrencegi.e., the
transitionfirings) canbeobsened. A3) Theinitial marking
M, belongsto the macromarkingV(V, b}, i.e., it satisfies
theequationV” My = b.

We alsointroducethefollowing notation.

Definition 4 ([6]) After theword w hasbeenobsenedwe
definethe setof w—consistenmarkingsas

C(w) = {M e N™ | IMy € V(V,b), Mo[w)M}.

i.e., asthe setof all markingsin which the systemmay be
giventheobsenedbehaiour andtheinitial marking. W

Givenan evolution of thenet My[ty, ) Mi[ta,) - - -, we use
thefollowing algorithmto computeestimateu,, andbound
B,, of eachactualmarking M, basednthe obsenationof
the word of eventsw = t,,ty, - - - ta,, andof the knowl-

edgeof theinitial macromarking/(V, b).

Algorithm 5 ([6]) Marking Estimationwith EventObser
vationand|nitial Macromarking

1. Lettheinitial estimatebe i, = Oy

2. Lettheinitial boundbe B,,, = b.

3. Letthecurrentobsenedword bew = wp.

4. Wait until ¢ fires.

5. Updatethe estimateu,, to pl,, with

Mot (P) = max{py, (p), Pre(p,t)}.



6. Letpy: = ,u'iut + C('at)'
7.LetBys = By = VT - (), — p)-

8. Goto4. |

Thesetof consistentmarkingscanbecharacterizeth terms
of the estimatey andboundB* asfollows. We first define
thefollowing set.

Definition 6 Given a net with initial macromarking

V(V, b), acurrentestimates andboundB computeddy Al-
gorithm5, we definethe setof (i, B)-consistentnarkings

M@p,By={MeN'|M>u, V' -M=V".pu+ B}.
©)

Theorem7 ([6]) Given a net with initial macromarking

-,

V(V,b), an obsened word w, andthe correspondingesti-
matedmarking x andbound B computedby Algorithm 5,
the setof w—consistenmarkingscoincideswith the setof
(u, B)-consistentnarkings,i.e.,C(w) = M(y, B). |

4 Control using obsewers

In this sectionwe shov how the marking estimatecon-
structedwith the formalismdiscussedn the previous sec-
tion canbeusedby a controlagentto enforcea givenspec-
ification on the plantbehaiour [7].

We male several assumptionghat are briefly discussed
here.

e Thespecificationis givenasa setof forbiddenmark-
ingsF. Thesetof legalmarkingsis £ = N* — F.

We consider a special type of state specifica-
tionscalledgenemlizedmutualexclusionconstaints
(GMEC) that have beenconsideredby various au-
thors[5, 8, 12].

Givenanintegermatrix L = [i; - - -fq] Withl_;' ezm
andavectork = [ki,- - , k,] with k; € Z,aGMEC
(L, E) definegthesetof legal states

L={MeN"|L" -M<E}.

The controllermay disabletransitionsto preventthe
plantfrom enteringa forbiddenmarking,computing
acontrol patternf (¢, M) : T x N* — {0,1}. If
ft, M) = 0 thent is disabledby the controllerat
M.

All transitionsare controllable,i.e., canbe disabled
by thecontrollet

When an obsenrer is usedin the control loop, the actual
marking M is not known and only the set of consistent
markingsC C N™ is availableto thecontroller Thecontrol

law now becomesa function £(¢,C) : T x 28" — {0,1}

andcanbegivenasfollows.

1To avoid aheary notationwewill dropthe subscriptw from i and B
wheneer it is possiblewithoutintroducingambiguity
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Figure 1: Layoutof theautomatednanufacturingsystem.

Definition 8 (Optimal statefeedbackwith obsewer.)
Given a GMEC (L, k) and a set of consistentmarkings
C C N7, thefiring of transitiont shouldbe preventedif
andonly if thereexists a legal consistenmarking M such
thatthe firing of ¢ from M leadsto a forbiddenmarking,
ie.,

0 if AM)M eC, LT - M < F,
f(t,0) = MM, (3) L - M' > k;
1 otherwise.

The computationof the control patternmay be carriedout
solving a numberof linear integer programmingproblems
(IPP)asgivenin thefollowing algorithm.

Algorithm

1. For all transitionst, let J; = {j | ;' - C(-,t) >
0} bethesetof indicesof thoseconstraintghatmay
potentiallybeviolatedby thefiring of ¢.

2. Solvefor eachj € J; thelPP

max le-M’

s.t.
MecC (a)
- 4
LT . M<k (b) @
M > Pre(-,t) (¢)
M=M+C(,t) (d
andlet h;(t) beits optimalsolution.
3. Define
_J 0 if (35 € J)h;(t) > k;
F,0) = { 1 otherwise. ! ! ©)
thedesiredcontrol pattern. ||

Thusatransitiont is disabledonly if it mayfire (constraint
(c)) andthereexistsaconsistentnarkingM (constraint(a))
thatis legal (constraint(b)) and from which the firing of

t leadsto a marking M’ (constraint(d)) that is not legal

becausédor at leastonej it holdsh;(t) = ij M > k.

Note that underthe assumptiorthat the actualmarkingis

legal, we neednot solve IPP (4) for all thoseconstraints
suchff - C(-,t) < 0, becauseghey may never be violated
by thefiring of ¢.



Figure2: Petri netmodelof themanufacturingsystenin figure 1.

4.1 A manufacturing example

We now apply the abose methodologyto a classicalauto-
matedmanufcturingsystemwhoselayoutis shavn in fig-

urel andwhosePetrinetmodelis shavn in figure2 (places
C1, C2, C3 andall connectecarcsshouldbe ignoredat
first). This systemis similar to theonedescribedn [14].

Theplantconsistof five machinegM1 to M5), four robots
(R1to R4), a finite capacitybuffer B, two inputs of raw
parts(I1 andl2) of typelandtype2respectiely, two AGV
systems(AGV1 and AGV2), andfinally two outputs(O1
and O2) for the processegarts. The plant producestwo
differenttypesof productsfrom two typesof raw materials.
An unlimited sourceof raw partsis assumedit is supposed
thatthereare20 palletsfor eachtype of product.

ThePetrinetmodelin figure 2 belongsto a specialclassof
PetrinetscalledS® PR [4]. Thisnethasm = 34 placesand
n = 23 transitions.Themarkingof placeps2, the co-huffer,
representthenumberof freebuffer slots,while themarking
of placespy andp;g representespectiely the numberof
typelandtype2partspresentn the buffer. Thereexist 14
circuits, eachcorrespondingo a P-invariant. If we assume
thattheinitial markingof thenetis thatin figure 2, we have
(hereto avoid aheary notationwe denoteasM; themarking
of placep;) Y02, M; = 20,332, , M; = 20, M5 + Mas =
1, Mg + Myq = 1, M1y + Mas = 1, Mg + Mss = 1,
Moy + Moy = 1, Mz + Mzz = 1, May + M3y ,
Ms + My + Mis + Mog = 1, Mio + Moy + Moy = 1,
My + Mg + Mg+ Msg = 1, M7 + Mg + M3, = 1,
My + Mg + M3s = 8. We assumehat the above setof
P-invariantscoincideswith the macromarkingthus B,

32[2020111111111118]T.
Note that if the numberof P—invariantsis too high to be

=
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19 0000000001002000000000110111111811
0 000000000000 000000000000000000000
202011111111111 8

t12

19 00000000001020W000000111111101811
0 000000000010 000000000001000000000
192011011111011 8

ti3

19 0000000000012000000000111111111801
0000000000001 000000000001000100000
192011011011011 8

i tia

20 0000000000002000000000111111111811
1 000000000000 000000000001000100010
192011011011011 8

Figure 3: Readability graph of the netin figure 2 undercontol
whenno deadlo& recovery procedue is applied.

takeninto accountwe canonly "k eepa subsebf it”.

Moreover, we assuméhatthe controllermustenforcethree
specifications:

Z%’:g Mi S 8 (a‘)
Sl M; <8 (b) (6)
Zi:2 + 2215 M; <9 (C)

Note that if the initial markingis completelyknown, the
additionof the monitor placesC'1, C2 andC3 ensureghe
satistction of the linear inequality constraintg6) andthe
closedloop netis live (this may be easilyprovedfollowing
theproceduren [4]).

On the contrary if the markingof the plantis not measur
able,an obsener mustbe usedin the controlloop andthis
leadso adeadlock.Theclosedoopbehaiouris thatshavn
in figure3 wherethefirst line of eachnodecontainghereal
markingof the net,the secondine containsthe actualesti-
mateandthethird line containsthe actualbound.

After the sequencey = #;2t,3t14 hasfired, only two tran-
sitionst; andt;; areenabledn thenet. Thecontrollerpre-
ventsthefiring of bothtransitionsevenif theirfiring is per
fectly legal andthe netreachesa deadlock. This is dueto
thefactthatthereexistsatleastonemarkingin C(¢12t13¢14)
that would producethe violation of one of the controller
specificationsf eithertransitiont; or ¢,5 fires. In partic-
ular, thefiring of ¢; may (potentially)violate specifications
(a-c),while thefiring of ¢;5 mayviolatespecificationgb-c).

5 Control with marking estimationand time—outs

In this sectionwe proposea generalapproachto exploit

availableinformation on the timing structureof the netso
asto obtaina betterestimateof the setof consistentmark-
ings. The approachis essentiallybasedon the linear al-

gebraiccharacterizatioof deadlockmarkingsgivenby the
systemof inequalitieg(1).

Let usassumehata known delayd(¢) : T — R is associ-
atedto eachtransition.We saythata transitiont hastimed-
outattimenow if it hasbeencontrolenabledwvithoutfiring

duringthetime interval [now — 6(t), now] andthemarking
of its input places®t hasnot increasedluring this interval.



Thus,we canbesurethatattime now theactualmarkingM
is suchthat—M|t), or equivalently¢ is notmarkingenabled.
Thesetof timed-outtransitionsis denotedr,.
Theprocedurghatwe describen algorithm9 considerdwo
typesof eventsthat modify the markingestimate.Thefirst
type of eventsoccurswhenthefiring of atransition is de-
tected,while the secondtype of eventsoccurswhena new
transitiontimes-out.

Algorithm 9 Contmol and EstimateUpdatingAfter Transi-
tion Time-Out

In this algorithm the variable now representshe current
valueof thetime. At eachinstantof time it is possibleto
partitionthe setof transitionsT" into threesubsets:

T,={teT| f(t,C) =0} isthesetof transitionghatare
notcontmol enabledgiventhecurrentsetof consistent
markings.

T;, isthesetof contol enabledransitionghathavetimed-
out A transitiont belongsto this setif duringthe
timeinterval [now—4(t), now] hascontinuoushjbeen
controlenabledandthemarkingof all its input places
*¢ hasnotincreasedluringthis sameinterval.

T. isthesetof thosecontrolenabledransitionshatdo not
belongto T;,.

Thesearethe stepsof thealgorithm.

1. Let u = pywo and B = By, betheinitial estimate

andbound,andlet ¢ = M (g0, Bwo) betheinitial
setof consistenmarkings.

. Computefor all transitionst € T the control pattern
f(t,C) andlet

T,={teT| f(tC)=0},
T = {{eT| §(t,C) = 1},

. Setfor all t € T, thecurrentclocktow(t) = 4(¢).

. Letd = min{w(t) | t € T, } thetime to wait (step6).

. Let7 = now and f,4(t) = f(¢,C) (keepstrack of
thepreviouscontrol pattern).

. Wait until

(a) EITHER atransitiont firesandTHEN goto 7
(b) ORnow = 7+ § andTHEN goto 8.

If oneeventof type(a)andoneeventof type(b) occur
simultaneouslythencondition6.atakespriority.

. Activatethe obsererupdateprocedure.

(a) Update the estimateto g’ with u'(p)
max{u(p), Pre(p,t)}.

(b) Let tljecurrentestimateandboundbeu =u +
C,t)andB =B -VT . (i — p).

(c) Let the currentset of consistentmarkingsbe
C = M(u, B).

(d) Computefor all transitionst € T the control
patternf (¢, C) andlet

T, ={teT| f(tC)=0},
Too =T \{t € Ty | *tNE* # 0},
T,={teT|ft,C)=1, t & Ti}.
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(e) Updatethe clocks. - For all transitionst € T,
suchthat EITHER f,;4(f) = 0 (newly control
enabledransitionsOR *tN# * # () (transitions
who may have becomemarkingenablecdby the
firing of £) LET w(t) = &(¢).
- For all transitiong € T, suchthat f,4(t) =1
AND *tNt* = § (transitionswho werecontrol
enabledbeforethe firing of ¢ and that cannot
have becomemarking enabledby the firing of
1) LET w(t) = w(t) — (now — 7).

(f) Goto4.

8. Activatethetime-outprocedure.

(a) LetT;, =T U {t eT, | w(t) = 6}

(b) Let Ny, <1, N betheT;,—inducedsubnetV.

(c) Computefor all transitionst € T the control
patternf (¢,C N M;(Ny)) andlet

T,={teT]|f(C)=0},
T,={teT|f(t,C)=1, t ¢ Ty).

(d) Improve the previous estimateu. This simply
requiresthe solution of m linear integer pro-
grammingproblems(IPP), one for eachplace
p; € P:

min M (p;)
s.t.

M e M(u, B)
Me Mb(Nto)

()

Now, let g* = [uf --- wk,]7, whereu? is the
solution of the +—th IPR, andlet B* = B —
V(= p).

(e) Updatethe estimateandboundto x = p* and
B = B*, andcomputethe new setof consistent
markingsC = M(u, B).

(f) If T, = 0 exit (the netis deadlocled andthe
time-out procedurefails to recover from the
deadlock)elsegoto4. |

Themainideabehindthealgorithmis thefollowing. If T,

is the setof transitionsthat have timed out at time now we
canbe surethatthe actualmarking M mustalsobelongto

the setof blocking markingsfor the net N;, obtainedfrom

N removing all transitionsnot in T;,. Thusin step8.(c)
we cancomputea (possibly)lessrestrictive control pattern
usingassetof consistenmarkingsC N My (Ny,).

This set, evenif definedby a setof linear inequalities—
namely the constraintsetof IPP (7) — is notin the simple
form givenby eq. (3) thatis requiredin the following step
of the algorithm. Thusat step8.(d) we approximatet with
asetof theform givenby eq.(3) computingnew estimates
andbounds.

5.1 Numerical example

Let us consideragain the manufcturing systemin sub-
section4.1 and assumethat delay times are associatedo
transitions. In particulay we assume:é(¢) = 5 for all
t e T \ {tlg,tls,tm,tm,tzg,t23}, (5(t) 1 for t €
{t13,t14,t22,t23}, and&(t) =2fort e {tm,tn}.

At stepl we definetheinitial estimateandbound.At step2
we computefor all transitionst € T the control pattern



f(t,C) andsetT,, = {t1,t15}, Tto = D andT, = T\ T,,.
Then,we setup the clock valueof eachtransitionin 7, to
its time delay Giventheactualdelaysthetime-outto wait
beforeeitherapplyingthe obsenerupdateprocedureor the
deadlockrecovery procedurejs 6 = 1. In this case,after
onetime unit haselapsedno transitionfires. In fact,none
amongall transitionst € T, suchthatw(t) = 1, namely
t13,%14, tao @ndiez, may actuallyfire evenif their firing is
allowed by the controller Thus,the time-outprocedurds
activated(step8).

This first implies the updating of T3, ®toTy =

{t13,t14, t22,%23}. Then,we definethe net N;, obtained
from N removing all transitionsnotin Ty,. Forallt € T

we computethe new control pattern f(¢,C) accordingto

step8.candwe updatethetransitionpartitioning.In partic-
ular, we find outthatbotht; andt;5 arestill disabledby the
controller thusT,, = {t1,t15}, while T, =T\ (T}, U T},).

Now, by solvingm = 34 IPPwe updatethe previousmark-
ing estimateand boundandgo backto step4 of the algo-
rithm. Numericalvaluesarereportedn figure4 whererect-
angularborderhasbeenusedto highlight thatthe time—out
proceduréhasbeenappliedbut no transitionhasfired.

At step4 we computethe new valueof § andwe find out
thatasin the previousstepd = 1. At this point, whenone
moretime unit haselapsedtransitiont; s firesandthe ob-
sener updateprocedures applied. We updatethe estimate
andboundas shown in figure 4, while the control pattern
keepsthe samefor all transitionst € T'. Moreover, being
*t13 N3, # 0, thesetsT;, andconsequently, shouldbe
updated. In particular we have that Ty, = {t14,%22,t23}

andT, = T\ (T, U T3,), whereT, is the sameasin the
previousstep.

Then, afteronemoretime unit £13 fires, and after another
time unit ¢14 firesaswell. The resultingmarkingestimate
andboundarethosereportedn figure4, respectiely in the
fourth andfifth nodes.

As in the previous steps,d = 1 but no transitionfiresthus
the time-outprocedurds invoked. The new control pattern
is computedandall transitiondbecomecontrolenabledThe
markingestimatds alsoupdatedasin the sixth nodein fig-

ure4. Now, botht; ort;5 mayfire.

6 Conclusions

We have consideredthe problem of enforcing a set of

GMEC onaPetrinetsystenby astatefeedbaclcontroland
underthehypothesighatthe stateis notmeasurabléut can
only be estimated.An algorithmthat accelerateshe state
estimationbasedon the knowledgeof the timing structure
of nethasbeenpresented.This algorithmmay alsoallow

the controllednetto recoverfrom adeadlock.
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