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ABSTRACTIN this paper we propose an on-line diagnosis algorithm for Time Petri NeR\{.
The plant observation is given by a subset of transitions and the faults@deled by a subset
of unobservable transitions. The plant behavior is derived on-line aaditignosis is obtained
checking whether or not some or all of the traces in the behavior that thieeplant observation
contain fault events. We calculate the legal plant behavior as a set ofjooatiions in the net
unfolding. We calculate the set of legal traces in the TPN deriving for eacfigtoation the
solution set of a system ¢fnax, +)-linear inequalities called the characteristic system of the
configuration. We present two methods to derive the entire set of soluiansharacteris-
tic system: the first method is based on Extended Linear ComplementasitieRr while the
second method is based on constraint propagation.
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1. Introduction

This paper provides a survey of recent work on the on-lingrtigis of Time Petri
Nets (TPNs) based on partial orders. In [JIR 06b] and [JIR @&chave described
algorithms for solving this problem. Further details carfdend in [JIR 06a].

TPNs are extensions of untimed Petri Nets (PNs) where tinmfagmation about
the execution of some operations in the plant is available. TPN a transition can be
fired after a delay within a given interval and its executiakets no time to complete
[MER 74]. A trace in the plant comprises the transitions (gspthat are executed in
the TPN model (the untimed support) as well as the time of tiurrence.

In this paper we consider the plant observation given by &etubf transitions
whose occurrence is always reported including also theratetime when an ob-
served transition is executed, measured according to algitdrk. The unobservable
events are silent, i.e. the execution of an unobservabisitian is not acknowledged
to the monitoring system. The fault transitions are modéled subset of the unob-
servable transitions.

The model-based diagnosis for TPNs requires to detect thier@nce of a fault
event based on the model and the observation generated platitaip to the current
time. The on-line diagnosis requires first to calculate teo$ traces that are legal,
according to the model specifications, starting from théahimarking, and that obey
the received observation. Then the diagnoser must checthethsome or all of the
legal traces include fault transitions.

There are several approaches to this problem. A possibleagip is to derive
off-line the full behavior of the plant and then to take intwaunt the received obser-
vation by eliminating traces that do not obey the obsermafidis is a very expensive
method since calculations are performed first and thenidiedaand more importantly
it can be applied only to models of small size that moreovematacchange often their
structure.

In this paper we consider a different approach. When the psostarts we derive
time interval configurations in the TPN model up to the firstcdirding time. A dis-
carding time is the time when in absence of any observatiencan discard untimed
support traces and it corresponds with the smallest valubeofatest time when an
observable event is forced to happen. The occurrence of sanadble transition be-
fore the first discarding time is taken into account by eliatiing traces that are not
consistent with the received observation. Then the plahater is derived up to a
next discarding time.

This method obviously requires less calculations but itiep the assumption that
the faults are not predictable. This simply means that oneagpredict for sure that
a fault will happen in the future. This assumption is triviiad untimed PNs. However
for TPN models this assumption cannot be checked unlessilhgtdte space of the
TPN under investigation is generated. Notice that if thdtéacan be predictable at
a certain time, given the observation generated by the plano that time, then the
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on-line diagnosis method that we propose would not pred&sure occurrence of a
fault at the earliest time possible.

In this paper we impose a structural condition that assinasthe faults are un-
predictable, namely for each fault transition there is a-faatdt transition that has its
pre-set included in or equal to the pre-set of the fault fteomsand moreover has a
lower bound of its static interval that is not greater tham tipper bound of the static
interval of the fault transition. Notice that this conditi only a sufficient condition
for the faults to be unpredictable.

The analysis of Petri Nets (PN) is an NP-hard problem becaffe state space
explosion due to the interleaving of concurrent events. Jdmae problem remains
also for PN models where the time is considered as a quarifeaid continuous
variable. To cope with this difficulty methods based on padiders were proposed
for the analysis of untimed PNs [MCM 92],[ESP 94], [BEN 03]wsll as for Time
Petri Nets [SEM 96],[AUR 97],[CHA 05].

The plant analysis is based on time configurations (timegsses in [AUR 97]).
A time configuration is an untimed configuration (a configiarain the net-unfolding
of the untimed PN support of the TPN model) with a valuatiothefexecution times
for its events. A time configuration is legal if there is a titrece in the original TPN
that can be obtained from a linearization of the events ottdmdiguration where the
occurrence times of the transitions in the trace are idahtiith the valuation of their
images in the time configuration. A linearization of the égdn a configuration is a
trace that comprises all the events of the configurationwgrelconce s.t. the partial
order between the events in the configuration is preservétkiorder in which they
appear in the trace.

The set of all legal time-traces in the original TPN can beat#d by computing
for each configuration the entire solution set dfaax, +)-system of linear inequal-
ities called the characteristic system of the configuratibhe characteristic system
of a configuration comprisdsnax, +)-inequalities relating the execution times of the
events within the configuration as well @sax, +)-inequalities that assure that a con-
flicting event (an event that is not considered in the conéitian but has its preset of
conditions in the set of conditions of the configuration) wasforced to be executed.

The calculations involve time interval configurations. #é interval configuration
is an untimed configuration endowed with time intervals ffier éxecution of the events
within the configuration. A time interval configuration igykd if for every event and
for every execution time of the event within its executiandiinterval there exists a
legal time configuration that considers the event executéthatime.

Thus, we need to derive for each configuration the entiretisolset of its char-
acteristic system. The naive approach to enumerate all dbsilplemax-elements
would imply to interleave concurrent events which is exaathat we wanted to avoid
by using partial orders to represent the plant behavior. dfgeawith this difficulty
we present two methods that avoid the explicit considematicall the cases for each
max-term in the characteristic system.
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The first method uses the Extended Linear Complementaritpl&mn (ELCP)
[DES 95] for deriving the set of all solutions of the charaistiic system of the con-
figuration. The solution set can be represented as a uni@te$fof a polyhedron that
satisfy a cross-complementarity condition.

The second method is based on constraint propagation ataltexpe partial or-
der relation between the events within the configuration.défive for each untimed
configuration a set of hyperboxes of dimension equal to tiebau of events within
the configuration such that the union of all the subsets aftgwls that are circum-
scribed by the hyperboxes is a cover of the solution set.

The paper is organized as follows. In Section 2 we providendigfins and the
notation used in the paper and in Section 3 we formalize thgndisis problem for
TPNs models. The analysis of TPNs based on partial ordemssisrithed in Section
4. Section 5 and Section 6 present the two methods to derevesdhution set of
a characteristic system of a configuration and in Section 7present the on-line
diagnosis algorithm that we propose. The paper is conclud&ection 8 with final
remarks and future work.

2. Notation and definitions
2.1. Petri nets

A Petri Net is a structurd/ = (P, 7, F) whereP denotes the set ¢fP | places,
7 denotes the set ¢f7 | transitions, and” = Pre U Post is the incidence function
wherePre(p,t) : P x T — {0,1} andPost(t,p) : T x P — {0, 1} are thepre-and
post-incidence functiothat specify the arcs.

We use the standard notationg?, *p for the set of input, respectively output
transitions of a place; similarlyt andt® denote the set of input places#oand the
set of output places of respectively. Amarking M of a PN is represented by a
| P |-vector,M : P — IN, that assigns to each place/®fa non-negative number of
tokens.

The setl (M) of all legal traces of a PNV, M), with initial marking M,
is defined as follows. A transitiohis enabled at the markingM if M > Pre(,t).
Firing, an enabled transitionconsumesPre(p, t) tokens in the input places € *t
and produce®ost(t, p) tokens in the output placesc ¢*. The next marking 9 =
M + Post(t,-) — Pre(-,t). Atracer is defined as = M, LI VRNV
where fori = 1...k, M; 1 > Pre(t;). My = M, denotes that the sequencenay
fire at My yielding M. Given a marking\/ denote byEnbl(M) the set of transitions
that are enabled i/, i.e. Enbl(M) = {t € T | Pre(-,t) < M}.

A PN (N, My) is 1-safeif for every placep € P we have that\/ (p) < 1 for any
marking M that is reachable fromv.
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Denote by7* the Kleene closure of the sétand bye the empty string. Then let
o € Ly(My) € T*andT’ C 7. The projectionllz : Lx/(My) — T'" is defined
as:i) Ug/(e) =€ @) U (t) =t if t € T';i00) I (t) = ¢ if £t €T\ T’;andiv)
Iz (ot) = Ug/ (o)1 (t) for o € La(Mp) andt € 7.

2.2. Occurrence nets

Definition 1. Given a PNN = (P, 7T, F') the immediate dependence relatisnC
(P x T)U(T x P) is defined as:

Y(a,b) € (P x T)U(T x P) :a =1 bif F(a,b) £0

Define= as the transitive closure of; (X==7).
Definition 2. Givena PNV = (P, T, F') the immediate conflict relatioh C 7 x 7
is defined as:

V(tl,tg) €T xT: tlﬂltg if *t1 N ®ty 7é 1]

Definef C (PUT) x (PUT)asVY(a,b) € (PUT)x (PUT):

aﬁb if Htl,tg S.t.tlﬁltz andt1 <a andtg <b

The independence relatidhc (P U 7) x (P UT) is defined a§(a,b) € (P U

T)x (PUT):
allb= —(afb) A (a Z2b) A (b2 a)

Definition 3. Given two PNsV = (P, 7, F) and N’ = (P, 7', F’), ¢ is a homo-
morphism fromV to A/, denoteds : ' — A where:

1) ¢(P) C P andp(T) C T’

2)Vt € T, the restriction ofp to °t is a bijection between®t and *¢(t)

3) vt € T, the restriction of to ¢* is a bijection betweet® and¢(¢)®
Definition 4. An occurrence netis a né? = (B, F, <;) such that:

i) Va € BUE : —(a < a) (acyclic)

i) Va€ BUE :|{b:a = b} |< oo (well-formed)

i) Vb € B: | *b |< 1 (no backward conflict)

In the following B is referred as the set of conditions whileis the set of events.

Definition 5. A configurationC = (B¢, E¢, <) in the occurrence ne® is defined
as follows:
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i) C'is a proper sub-net o® (C' C 0)
i) C'is conflict free, i.e¥(a,b) € (Bc U E¢) X (Bc U E¢) = —(afd)
i) C is causally upward-closed, i.&b € Bo UE¢ :a € BUFE anda <; b =
a € BoUEx
iv) min<(C) = min<(O)

Definition 6. Consider a PNV, M) s.t. Vp € P : My(p) € {0,1}. A branching
processB3 of a PN(N, My) is a pair B = (0, ¢) whereO is an occurrence net and
is a homomorphism : O — N s.t.:

1) the restriction ofp tomin<(O) is a bijection betweenin<(O) and M, (the
set of initially marked places)

2) (B) CPand¢(E) C T
3)Va,be E:(*a= *b) A(Pp(a) =d(b)=a=1b

For a configuratiorC in O denote byCUT(C') the maximal (w.r.t. set inclusion)
set of conditions irC' that have no successorsGh

cuT(C) = |J ¢)uming(O)\ (|J *e)
ecEc ecEc
Definition 7. Given a PN(N, M;) and two branching processd$ 55’ of the PN
(N, My) thenB’ C B if there exists an injective homomorphigm: B’ — B s.t.
p(min(B’)) = min(B) andg o p = ¢'.

There exists (up to an isomorphism) a unique maximum braggbiocess (w.r.t.
Q) that is the unfolding of V', M,) and is denoteti{ (My) [MCM 92].

Denote byC the set of all the configuration§ of the unfoldingl/x-(My). For
a configurationC' € C denote by(E)< the set of strings that are linearizations of
(Ec, =) where astringr = ejeq ... ¢, is alinearization of E¢, <) if v =| E¢ | and
Ve,,ex € Ec we have thati) e, = ey = ¢« = A andii) for . # A, if e, < ey then
L < A

2.3. Time Petri nets

A Time Petri Net (TPNW? = (P, T, F,I°), consists of an (untimed) Petri Net
N = (P, T, F) (called the untimed support &%) and the static time interval func-
tionI* : T — Z(Q"), I5(t) = [L;,Uf], L, U7 € QT, representing the set of all
possible time delays associated to transitien7 .

In a TPN (N, M) we say that a transitioh becomes enabled at the tirig"
then the clock attached tois started and the transitioancan and must fire at some
time 6, € [0™ + L{, 05™ 4+ U7], providedt did not become disabled because of the
firing of another transition. Notice thats forced to fire if it is still enabled at the time
0" + U
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Definition 8. A state at the tim@ (according to a global clock) of a TPKV?, M)
is a pair Sp = (M, FI) whereM is a marking andF’[ is a firing interval function
associated to each enabled transitionifi (F'1 : 7 — Z(Q™)).

If ¢ is executed at the tim € Q* we write(M, FI) L8, (M',FI') or simply

g L0, gr.
1) (M > Pre(,t) N0, > 05" + L7) N (V' € T st. M > Pre(-,t') =
0, <0 + U
2) M’ = M — Pre(-,t) + Post(t, )
3)Vt" € T s.t. M’ > Pre(-,t") we have:
-if ¢ £tAM > Pre(-,t") thenFI(t") = [max(05" + L., 0:), 057 + US|
- elseds = 0, and FI(t") = [0 + L5, 057 + U

(t1,0¢1) (t2,0t5)

A legal time tracer? in a TPNAN? satisfies: 7/ = S, Si
<tvaetu>
Sy q... bl g

Definition 9. Denote= the reflexive and transitive closure of. The state graph of
aTPNAN? is SG = (S, 5, 5;) whereS = {S | So = S} is the set of reachable

states from the initial stat§y, = (Mo, FIy) with FI(t) = I°(¢t) forall t € T s.t.
My > Pre(-,t) otherwiseF'Iy(t) is not defined.

In the following for a time trace? we use the notatiom to denote its untimed
support. For the initial staté, we use also the notatiak/{. DenoteL’,, (M) the
set of all legal time traces that can be executedNi{, M{). We call £, (M) the
time language of the TP\, M§).

Lo (M) is the untimed support language of the time langué@e (1), i.e.:

Lo (M) = {7|37% € L50 (M)}

3. Diagnosis of TPNs

We consider the following plant description:

1) the TPN mode(N?, M¢) is untimed 1-safe

2)7T = 1,U7T,, where7, is the set of observable events ahg, is the set of
unobservable (silent) events

3) I, is the observation labeling functidp : 7 — Q, U {e} where(, is a set of
labels andt is the empty labell,(t) = €if t € 7,,, andl,(t) € Q, if t € T,

4) when an observable transitioh € 7, is executed in the plant the labig(¢?)
is emitted together with the global tindg ., when this execution af’ took place
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5) the observation is always correct and the execution tiembserved event
is measured with perfect accuracy according to a globakgland received without
delay

6) the execution of an unobservable event does not emit imgyis silent)
7) the faults are modeled by a subset of unobservable evénts, 7,,. 75 can

be partitioned regarding the kinds of faults that may hapgpehe process ag; =
Te, UTp, .. . UTg .

Formal description of the problem: Given the plant mode{\?, M) as de-
scribed above, design an on-line algorithm that derivedalwt diagnosis of the plant
based on the model and the received observation. The exactimgeof diagnosis is
defined below.

We make the assumption that a cycle that contains only unaddsie transitions
that can be executed infinitely often contains at least aresition that has a non-zero
lower bound of its static interval. This avoids the poséipibf infinitely many events
occurring at the same point in time.

The observation available to the diagnoser at the timeithebservable event is
executed in the plant is denoted as:

OF = (0bs1,Bops, ), - - ., (0D, Oops, )

whereobsy, ..., obs, € , are the labels that are received ahgl, < Ops, ... <
0.5, are the times at which the corresponding events occur.

Denote byO? ¢ the plant observation at the tinje> 0,5, i.€. O? . includesO?
together with the information that no observation is reediin the mterva[eobsn , 5]

L5 (M{,08) is the set of all time traces that are feasibléM?, M) up to the
t|me of the last observatiofy,;, and that obey the received observatiof) where
€ ,CNQ(MO,OZ) if:

1) 7% € Lo (MY, b0bs,,) (77 is legal)

2)l,(7) = obsy, ... ,0bs, (T’ obeys thé'untimed"observation)

3) for each observable transitiaf) € 7,, k = 1,...,n we have thai,(t}) =
obsy = 0;, = obsy, (7Y obeys the execution times of the observed transitions)

wherer? € L5, (M{, 005, ) if the execution time of the last event itf is smaller
than or equalps,, -

Similarly £, (M, O} ) is the set of all time traces that are feasibleA’, M)

up to the timet and that obey the received observat(ﬁﬁlg.

The plant diagnosi® . (O ¢) based on the received observat(@f) comprises
the untimed strings obtained by projecting the untimed etipipaces contalned in
Lo (MY, (’)f% ) onto the set of fault transitioris;:

Do (04 ¢) = {7 | 7% € L3 (M, OF ) andry =117, (1)} (1)
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The diagnosis result of the plant at tirfhevith the received observatic(ﬁfhg is:

Fiff € & Dy (OF ¢)
DR (0 () = { Niff {e} = Dpo(OF () )

UF otherwise

where similarly as defined for the untimed case in [SAM 95] weechthat:

1) F means that a fault did necessarily happen in the plant:
VTJ? € DN"(OZ,g) Mg, (1) # €
2) N means that a fault did not happen in the plant:
VTJQ S DNG (OZ{) : HTf (Tf) =€
3) UF means that it is uncertain whether a fault happened or ndterplant that
is, there exist two legal time-stringg, 7/’ € Dy (0} ) s.t. Tz, (1) # € and
HTf (T}) = €.
In order to address properly the on-line fault diagnosidfem one must assume
that the faults are unpredictable, i.e. faults cannot beatetl that will happen for sure

in the future. Otherwise one should be required to make klous in advance so as
to detect the imminent occurrence of a fault at the earliest possible.

We illustrate this via the following example.

p7

Figure 1. The TPN of Example 1.

Example 1. Consider the TPN displayed in Fig.1. Static intervals armetted to
each transitionz, andts are observable transitions artg is a fault transition.

Consider that the occurrence of is observed at the (global) tinz). We claim
that having this observation we know that the fault evgritappens for sure in the
future. This is becausg happened at the timé&,, = 10 that means that the fault
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transitionts is forced to fire at the tim80. Since the observable transitionpwas not
executed yet, it means thiatcan become enabled only after the titeand can fire
at the earliest tim&2 that is after the times is forced to fire.

Thus after the first observation and regardless of the tintbeohext observation,
it is certain that a fault will happen. This means that thenpknalysis should be
developed up to an arbitrary large time in the future, anchexk each time if a fault
becomes imminent in the future given the plant observattouthe current time of
the process. But this is very inefficient since it is known tihe state space of TPNs
of reasonable size can be very large.

In order to address properly the problem of on-line faultgdiasis we assume
that the faults are unpredictable, i.e. given any obsemagjenerated by the plant
one cannot predict that a fault will happen for sure in therfeit Unfortunately, this
condition cannot be checked for general TPNs unless exgenalculations on the
complete state space of the model are made.

However we impose a structural assumption on the TPN modelgfa sufficient
condition for the faults to be unpredictable. It simply s#yat for any fault transition
ty € Ty, there is a non-fault transitionthat has its pre-sét included in or equal to
the pre-set ot; (*¢t C °*ty) and moreover the lower bound of the static interval of
the normal transitiord; is not larger than the upper bound of the static interval ef th
fault transitiont ¢ (L7 < Uf).

Assumption 1. The TPN modeV? = (P, T, F, I*) is suchthavt € 77, 3t' € T\7;
s.t.i) *t’ C* tandii) L, < U;.

It is easy to see now that if Assumption 1 is satisfied then dudts are unpre-
dictable. This is because the time a fault transitiptvecomes enabled is not smaller
than the time the normal transitianbecomes enabled (conditiai) and¢; is not
forced to fire at a time beforecan fire (conditioniz)).

4. The analysis of TPNs based on partial orders

In this section we present the analysis of TPNs based orapartiers. The reason
is that the state class graph methods [BER 83],[YON 98] hheedrawback, when
applied for partial observable TPNs as proposed in [GHA 0%t they consider all
the interleavings of the unobservable transitions. Evengh not all the interleavings
of the untimed concurrent transitions can be possible in |, TtReir consideration
makes the analysis of TPNs of reasonable size sometimessityio.

Example 2. Consider the TPN displayed in Fig. 2. Static intervals ar@aetied to
each transition. The observable transitions afet; andt;, and they emit the same
label. t3 andtg are faulty transitions.
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P P4 Py P10

P2 P5 Pg P11

Figure 2. The TPN of the Example 2.

For instance if the plant analysis is based on the state ofmaph construction
[BER 83] one should consider when the process starts all twsiple interleavings
of the unobservable concurrent transitionsts, ts, andt;.

Hence in this example the timing information does not redheenumber of the
interleavings of the concurrent (unobservable) eventsateconsidered. The partial
order reduction techniques developed for untimed PN [MCH[E3P 94], [BEN 03]
are shown in [HUL 95], [SEM 96], [AUR 97], [CHA 05] to be apptible for TPN.
Consider a configuratio@' in the unfoldingl/xr(M;) of the untimed PN support of a
TPN. Then consider a valuatidh of the execution times at which the events Eq
in the configuratiorC are executed. l.e. for eaele E¢ consider atime valug, € T
(T the time axis) at whicla occurs an® is an| E¢ |-tuple comprising all the values
at which all the events € E are executed.

An untimed configuratiod together with a valuatio® € T'Z¢! of the execution
time for its events is called a time configuration (time psxé [AUR 97]) of the
TPN model.

A time configuration is legal if there is a legal trac® € £, (M) in the TPN
(N? M§) whose untimed support is a linearization of the partial order relation of
the events in the configuration (i.e.= ¢(o) ando € (E¢)<) while the execution
time 6, of every transitiont considered in the trace’ is identical with the valuation
0. of the event for whicht is its image viap.

Consider an untimed configuratiaii € C. The TPNC? is obtained from the
untimed configuratioi®’ attaching to each event the static interfathat corresponds
in the original TPN to transitions.t. ¢(e) = ¢.

09 = (Bc,Ec, j,minj(uj\/),[‘g)
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where:

1) B¢ is the set of places
2) E¢ is the set of events (transitions)
3) < is the incidence function

4) min< (Uy) is the initial marking (the tokens "arrive" in these placetha time
when the process starts)

5)I°: Ec — Z(T,), I*(e) = I°(t) with t = ¢(e)
Denote byf(ce the following system of inequalities:

Koo = { max (0) + L < 0c < max () + U7 forall ec Ec (3)
where in (3)**e = () impliesmax,:cee(0./) = 0.

Proposition 1. V7% € £, (M) we have that if = ¢(c) ando € (E¢)<, then® is
a solution ofK e, where® = (0;,,...,01 ) = (e, ..., 0c ) With ¢(e;) = ¢;,
i=1,...,] Ec |-

Proof. The proof is straightforward since fdrsafe PN there exists an unique con-
figurationC' in the net unfolding/y s.t. 7 = ¢(o) ando € (Ec)<. Obviously
the conditions required fo® to be a solution of s are satisfied by any legal time
trace. O

Denote bySol(K ) the set of all solutions o ce. The| Ec |-hyperboxI that
circumscribesSol (K ») is easily obtained in the following way:

1)Ve € Ec s.t. **e =0, I(e) = [L(e), U(e)] with L(e) = Lt andU (e) = U

2)e € Egst.**e#0,1(e) = [L(e), U(e)] with L(e) = maxeesc(L(€)) + L
andU(e) = maxceso(U(e')) + UE

We cannot claim yet that fofC' € C there exists at least a legal time configuration
that corresponds with' because for a general TPN the enabling of a transition does
not guarantee that it eventually fires because some confjitthnsition may be forced
to fire before.

Denote byE the set of conflicting events of a configurati6he C where E¢
comprises the events that could have been executed buttarehmled inFq:

Ec={¢c€ E\Ec| *¢C Be}

Thecharacteristic systeri - of configurationC? € C is obtained adding tf(ce
all the inequalities regarding all the conflicting events :

max (0) + L < 0. < max (0,) + U; forall e € Ex
e/E.Ie e/e..e

Kco = y (4)
min(@e/) < max (96//) + Ug forall e € E¢

et & el'c oo
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Proposition 2. Given an arbitrary time we have that? € £, (M{, ¢) if:
)7 =¢(0),0 € (Ec)<andC € C
2) © is a solution ofK e
3)Vee Ec = 0, <&,
4)Ve € Enbl(C), maxe cese (8 ) + U > €.

Proof. = Condition1 and3 are trivial and the proof tha& = (¢4, ...,t,) is a solu-
tion of K s is by induction.
< The proofis trivial. O

The problem the we should answer next is:
Up to what timeg to make the calculations for the on-line monitoring ?

There are different solutions to answer this question, dejpg on the computa-
tional capability, the plant behavior, and the requireradot the diagnosis result.

Solution 1: Calculationsin advance

This solution is appropriate for a plant known to have a cyb&havior, such that
periodically the plant halts in &uiescent state[BAR 99] (a state s.t. no transition
is executed until a next trigger-event is executed). E.g.ptotection system in an
electrical network is triggered by the occurrence of a shimduit and the plant returns
to a quiescent state after the fault is cleared. Another plaia the cyclic operation
of a plant, where each operation cycle is initiated by thetpigerator.

Having derived the plant behavior up to some tlfnthe plantis monitored on-line
in the following way:

1) the received observation is taken into account by addimgdquality constraints
to the characteristic system of a configuration

2) or discarding configurations when the current time exsdlee latest execution
time of an observable event in a configuration.

Remark 1. The faults are considered under Assumption 1. Thus onlytfanisitions
that are executed before the current time of the plant carelbeatied to have happened
for sure. In other words, computing the future plant behawoes not change the
detection of the faults w.r.t. the stefteof the diagnoser.

The main drawback of this method is that a large amount ofiiations is required
to be performed in advance and then discarded because @&dbieed observation.
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Solution 2: Calculations after each observation

The second solution is to perform calculations each timevantds observed in
the plant. E.g. when the first observable event is execut#aeiplant we derive the

plant behavior up to the tim@,;,, in the following way.

Let the first observation b@{ = (obs1, 0,,, ). Consider the set of configurations
C(0Y)st.C e C(0f) if:

1) E¢ contains only one evef that corresponds with an observable event

2) ¢(e®) = t° and{(t°) = obs, andbyys, € I(e°)

3)Ve € *CUT(C) = L(e) < Oops,

4)Ve € Enbl(C) = U(e) > Ops,
where Enbl(C) denotes the set of events that correspondpvia transitions that are
enabled from the marking(CUT'(C)).

The characteristic systetii -+ (Of) of configurationC? € C(OY) is obtained
adding toK s inequalities regarding the conflicting events and the vetckobserva-
tion:

max (0) + LS < 0. < max (0,) + U; foralle € E¢

e'c*%e e'e*®e

min(f,) < max (f.n) + Ug forall & € Eg
Keo(OF) = q 8¢ et 5)

Oco = Opps, TOr p(e®) = t° A £(t%) = obsq
Ocro > Oops, forall €’ € Enbl(C)

This method requires less computations but the price to lseipthat a fault may
be detected with a delay. This is because no calculationpeafermed until a new
observation is received, thus the fact that the current tifmihe plant exceeds the
latest execution time of an observable event is not takenaotount.

However this method can be applied when the rate of receilobggrvations is
high, i.e. the time interval in between two observation$srsand control actions are

taken with some latency.

Solution 3: Calculations up to a discarding time

A discarding time is the earliest time when in absence of dseovation one can
discard untimed support traces because it can be proveithéyadre not valid. E.g. the
first discarding time is the smallest among the latest ex@ttimes of an observable

transition in the plant.

Definition 10. A configurationC,, € C is generated up to the tingeif:
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1) maxce ecur(c, )( v(€)) <€
2) mmeeEnbl(C,,)( v(e)) >¢&

Given a configuratiorC, € C that is generated up to a timg, denote by, (&) the
set of extensions @f, up to the tim& > ¢’ whereCy, € C,(§) if:

-C, C Cy, (Cy, is acontinuation of”,)
—andCy, is generated up to the tinge

The first discarding timé is calculated iteratively as follows.

Starting from the initial configuratio®’+ = (B+, E+, <) we construct an initial
part of the net unfolding by appending events as in the urtiozse, the only differ-
ence being that among all the enabled events only the evétttshe smallest upper
boundU (e) are appended, until the first observable evente$ag encountered.

The discarding time is set equal wifh(eo) and then the configurations that con-
tain e® are extended up to the tinté(e®). Denote this set bg”c*. Then for each

configurationC, € C7;» we calculateSol(K o) and for those configurations that
have a non-empty solution set we calculéftﬁ(e"’) i.e. the latest time wheef can

be executed. Obviousk, (¢°) < U, (e°).

The discarding timé is set as the smallest among the latest times when an observ-
able event can be executed consideringgllc C5”. Notice that a configuratio@’,

may contain some other observable events and after catayfgti (/s ) some other
observable event may have the minimal latest time for its@ben.

Recursively all the configurations that contain only unobslle events are ex-
tended up to the new discarding tirfidy appending those events among all the en-
abled events with the smallest upper bodn@) until either a new observable event
is encountered or no more events can be appended.

Algorithm 1 provides the pseudo-code for the computatiotheffirst discarding
time. Notice that becaugdis calculated recursively some configurations (that contai
at least one observable event) are generated up to timesrhtygnd. However this
does not affect the diagnosis result since the events thdieaxecuted after the time
6 are seen as a prognosis.

Example 3. Consider the TPN displayed in Fig. 2. The first discardinggtimcalcu-
lated as follows. (see Fig. 3 where a part of the unfoldifig( M) is drawn attaching
to each event € E the time intervall (e)).

1) firste, andeg are appended since they have the smallest upper bound among
the enabled events from the initial markirig(ez) = Ul(es) = 4)
2) thenes ande;; are appended

3) unobservable transitions are appended until a first obakle transition is ap-
pended; in this example this can be eitlagre; or e
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Algorithm 1 Discarding_time
Require: C+ = (B, E+, <))
Ensure:

1 AliC = {C*},0 = +oo

2: repeat

3 Enbl(AlC) = Upeaye Endl(C)

4  APP(AIC) = {e € Enbl(AlC) | Ve' € Enbl,U(e) < U(e') A L(e) < é}
5. APP°(AllC) = {e € APP(AIIC) | ¢(e) € T,}
6: if APP°(AlIC) # () then
7 Cngw = {Cnem | € e AlIC,e° € APPOYS(ANIC),Cre® = C & ¢°)
8: forall C, € CJ; do
o: calculateC, (6,) as the set of extensions @f, up to the timed, =
min(U(e°), §)
10: forall Cy, € C,(6,) do
11 calculateSol (K¢, )
12: if Sol(Kc,, ) # 0 then
13: calculate the smallesf,, (') for e’ € E¢, , ¢(e”°) € T,
14: Cobs = Cops U CKV
15: end if
16: end for
17: 0, = mincg,,ecy(é,,)(Ufu (e°))
18: end for
19: 0 = min(6, ming, ecrew (6,))
20: else

21: Crew ={Cnew | C e AllC,e € APP(AIIC),CleY = C © e}
22: AllC = AllcuCrev
23:  endif

24: until APP(AIIC) =)

4) then transitions are appended until the enabled traosgihave their lower
bound bigger thard

5) for each configuration that contains an event sdiiat corresponds with we
calculate the solution set

6) if calculating the solution set we obtain for an obseresibent thatU (¢) < 6,
thenU (e) becomes the new discarding time.

The on-line diagnosis algorithm works as follows. When thecpss starts we
derive the set of configurations up to the first discardingetand then we have two
cases:
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el 3 .
[10,26] 9 [5128]2
b ’
1 b1o0
e i e’
[12,30] 10,29] /[ ]\[931] [10?3%]
b~ bby by by b0 Wby

Figure 3. A part of the unfolding of the TPN displayed in Fig. 2.

Case 1If no observation is received until the time of the processobees equal
with the discarding timé then:

1) the configurations that contain observable events wehuiper bound corre-
sponding with¥ are discarded

2) for all the other configurations that contain observalénes inequalities of the
form:

Kobs, = {660 >0 | e € Ec andg(e®) € To}

are added to the characteristic systdiys and we derive the entire solution set

3) for all the configuration§’, € C,,, that contain only unobservable events we
check only ifSol(K¢s) has a non-empty set of solutions

4) denote bye (0Y) the set of traces that are obtained as linearizations ofethe s
of events of the configurations that are not discarded

5) the diagnosis resule};, (O9 ;) is obtained by projecting(O7) onto7;.

Case 2If the first observatiorobsi, 0.5, ) is received before the time of the pro-

cess becomes equal with the discarding téhtleen:

1) the set of configuration,,,, that contain only unobservable events is discarded
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2) for all the other configuration§', € C,;, that contain observable events an
equality relation:

:)bsl = {0co = Oops, | lo(e?) = 0bsy Ne® € O}

and for observable events other tharinequalities of the form:
obs; = {9 >0 €° € Ec andg(e”) € 7;}

are added to the characteristic systdifis and then we derive the entire solution set

3) denote by (0?) the set of traces that are obtained as linearizations ofahe s
of events of the configurations that are not discarded

4) the diagnosis resul?}’, (Of) is obtained by projecting(0Y) onto7;.

Algorithm 2 provides the pseudo-code for the plant diaghdsised on partial
orders.

Algorithm 2 Diagnosis_1
Require: (N9, M§), T, Tuo
Ensure: DR o (OF)
1: Discarding_time('*)
2: if Oops, < 0 then
3: forall C, € Cops s.t.3e € E¢,, l,(e) = obs; do

4 calculateSol (K¢o A K7y, A Kpy,)
5 if Sol(Kce A Kops, ) # 0 then
6: E(0]) =€(0)) U{o |0 € (Ec,)<}
7 end if
8: end for
9 Dpo(0) ={7s |7y =Hp,7AT=¢(0) Ao € E(OY)}
10: else
11:  forall C, € Cpps U Cypo do
12: CheCkSOl(ch N K:obsl)
13: if Sol(Kco A Kops,) # 0 then
14: E(Ogé):(‘,’((’)f)u{a|a€(ECVB}
15: endif
16: end for

17 D08 ,) = {7 |7y =lgy7 AT = 6(0) Ao € E(08 )}
18: end if

Notice that the plant diagnosis is derived either at the tilgag, of the first ob-
served evenD{7, (09) or in absence of any observation at the first discarding éme
D} (OF ). We have that:
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Theorem 1. Given a TPN model\V?, M{) we have that:

1) when the first observable event is executed:

DRy (07) = {F} & DRI, (O7) = {F}

2) if no observation is received until the first discardifig

DRN9(037 ) =1{F & DR%Q(O&@) = {F}

3) and for any time < 6, in absence of any observation, the diagnosis result is
different fromr:

DRyo (05 ¢) # {F}

Proof. (1) and(2) have a similar proof. Based on Proposition 1 we calculats¢hef
legal traces up to a given tinfe However some configurations include events that are
executed after the timg,,s, or 0. Since the faults are unpredictable the consideration
of some events that can be executed after the tigpg or # does not change the
diagnosis result w.r.t. the detection of faults that foreshappened.(3) is proved
straightforwardly by the assumption that the faults areredictable. O

Remark 2. Obviously by imposing the inequalities that all the eventa configura-

tion have execution times smaller thén,, or 6 one can derive exactly the diagno-
sis result at the timé s, respectivelyé. However this is not efficient for practical
calculations especially when the frequency of observatisrhigh. Notice also that
calculations in advance are not fully developed, thus it raythat an event that is
considered executed aftéy,s, might not be executed since an event that is successor
of the observed event can pre-empt its execution.

In what follows we present two methods to derive the solusienhof the charac-
teristic system of a configuration. The first method is basethe Extended Linear
Complementarity Problem and derives the entire solutiomse union of faces of a
polyhedron that satisfy the cross-complementarity camfDES 95].

The second method is based on constraint propagation aiveslérr a configu-
rationC' a set of| E¢ |-hyperboxes s.t. the union of the subsets of solutions tieat a
circumscribed by th¢ E¢ |-hyperboxes is a cover of the entire solution set.

5. The Extended Linear Complementarity Problem

The ELCP is defined as follows (see [DES 95]):
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Given 4 € R¥**, G € R?*, ¢c € RY, d € R?, andm index sets
1,0, C41,...,w}, findz € R® such that

Az > ¢, Gx=d (6)
ZH(AI—C)Y‘,:O. )
j=1li€;

Condition (7) can be interpreted as follows. Sin¢ée > ¢, all the terms in (7)
are nonnegative. Hence, (7) is equivalenﬂpewj (Ax —¢); =0forj=1,...,m.
So we could say that each sgf corresponds to a group of inequalitiesdr > c,
and that in each group at least one inequality should hold aquality. In [DES 95]
an algorithm to findall solutions of an ELCP was developed. This algorithm yields
a description of the complete solution set of an ELCP by fipdits, generators for
extreme rays, and a basis for the linear subspace assouidkethe maximal affine
subspace of the solution set of the ELCP.

Let us now explain howmazx, +) equations of the form

0; L<g< 0; U 8
IZ%E?((Z)‘F = _Igggc(z)‘k 8)

can be recast as an ELCP. First of all we introduce a dummghviary = max;c 7 0;.
Then (8) reduces to the linear inequality

Y+L<O<y+U, 9)

which already fits the ELCP format. Let us now look at the elguai = max;c 7 6;.
This can be recast as
v>6;, forallie J |, (20)

where for at least one indéxc 7 equality should hold, i.e.
[Tr-6)=0. (11)
i€J

Clearly, equations (9)—(11) constitute an ELCP.

ThusK e can be treated as an ELCP. First we derive the polyhedroptbeides
the set of solution for the system of linear (in)equalitidégeg by (6). The solution
set of the ELCP is obtained as a union of faces of a polyhedratrsatisfy the cross-
complementarity condition [DES 95].

Example 4. Consider the TPNA?, M) displayed in Fig. 4.

SinceN is acyclic, V¥ is isomorphic with its unfolding. Consider the configura-
tion C that includest, ts, t3.

The following(maz, +)-system of linear inequalities provides the charactecisti
system of the configuratiafi.
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[2,15] tg T [2,15]
[5,10]

4 3 [10,20]
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Figure 4. The TPN of the Example 4.

P1

[2,15]

Figure 5. A configuration of the TPN displayed in Fig. 4.

2<6, <15

2<6, <15

min(6,,6;,) < 10

max(0y,,0;,) + 5 < 0y, < max(6y,,0;,) + 20
0, < 04, +20

01, < 0y, +20

12)

We use the notation; for the execution timé,, of transitiont;, i = 1,2,3,
z1 = min(z1, 23), andy; = max(z1, z2).

21
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1 X2 T3 Y1 21 0
-1 0 0 0 1 0
0 -1 0 0 1 0
1 0 0 -1 0 0
0 1 0 -1 0 0
1 0 0 0 0 -—15
A= -1 0 0 0 O 2
0 1 0 0 0 -15
0 -1 0 0 0 2
0 0 0 0 1 -10
0 0 -1 1 0 5
0 0 1 -1 0 -20
-1 0 1 0 0 -20
i 0 -1 1 0 0 -20 ]

We have the characteristic systédtia» in (12) expressed in the form of an ELCP,
(6) and (7).
A-x2>0

(A - 2)(As ) = 0 (13)
(As-x)(A4-2)=0
wherex = [z1, 22, 73,91, 21,06 .

Additionally consider that:3 = 23, which simply means that we want to derive
the solution set oi{ -+ considering that the observable eveénts executed at the time
0, = 23.

The solution set of the characteristic system is displapefig. 6 as a union of
2 polytopes (trapezia). The first one has as verti&45), (10,15), (3, 3), (10, 10)
and the second one has as verti¢as3), (10, 10), (15, 10), (15, 10).

6. The method based on constraint propagation

Before formally presenting the second algorithm we intiafirst the definition
of a time interval configuration.

A time interval configuratiorC(I) is an untimed configuratio®’ € C endowed
with time intervals for the execution of the events withir ttonfiguration.I is a
vector of dimensiony E | that comprises for each evente Eo the time interval
I(e) in which the event is assumed executed.

Definition 11. Given the observatio®? and a configuratiorC' € C(0O{) we have
that the time interval configuratio6'(I) is legal if for any event; (Ve, € E-) and
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Figure 6. The projection of the solution set of the characteristideysK -+ of the
Example 4 onto the plan@;,, 6:,).

for any execution timé,., of the event; (V0., € I(e;)) there exist execution times
for all the other events within the configuratiofif, € I(e;) forall e; € Ec \ {e;})
$t.0 = (beyy...,0c,,...0 ) is a solution of the characteristic systéifys (© €

e
Sol(Kca(0F))).

Given a hyperboi, C I denote by{L, (e), U, (e)] the execution time interval for
the event. Then for a conflicting everitdenote byL,, (¢) = max.ceee(L,(e'))+US
andU, (€) = max.cess(U,(€')) + U§ the earliest respectively the latest time wiien
is forced to fire. We have that.

Proposition 3. C(I,) is a legal time interval configuration if the following cotidns
hold true:

1)I, C I such thatL,(e) < maxeeeee(Ly(€))) + US and Uy(e) >
maxe ceeo(Uy(€)) + L

2)Vé € E¢, e € E¢ stefiéandL,(e) < L, (&) andU,(e) < U, (&)

3) Oops, = Oco fOr e € E, ¢p(e°) = 1(0bs1)

4)Ve e *CUT(C) = U,(e) < Oops,

5) Ve € Enbl(C) = maxecesc(Ly(€") + US > Oops, -

Proof. The proof is as follows. Consider a hyperbhxC I that satisfies the proper-

ties1l — 5 above.

DenoteEc = Ec U Ec U Egr, whereEg™ is the set of events that are enabled
from CUT(C).
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Consider the characteristic systéta. (0¢) augmented with the dummy variables
0s, 05 that correspond with the conflicting events and the eveatsitte enabled from
CUT(C) wheref; = maxccess(0e) + US andfeen = maxeceecen (0c) + Ulen.

Given the execution timé;, of e; € E¢, denote bySol, (K s | 6z,) the subset
of solutions of K c» parameterized by,. Fore; € Ec, denote byl,(e; | 0,)
the projection ofSol, (K e | 6,) onto the plande;,e;), 1.(¢; | tz,) = [L.(€; |
aéi)vUV(éj | 051')]'

Considerdy, € I,(e;) s.t. L, (€;) < 0, <0, < U,(&).

We have that: -
0<AL,(g; | 0s,) < Abg,
_ (14)
0<AU,(; | 0s,) < Abg,

where AL, (e | 0z) = Lu(&; | 02) = Lu(& | 0=), AU | 6s) = U, (& |
0L) —Uy(e) | 0s,), andAbe, = 02 — b,

By ite[n 2 we have that/é¢ € Ec, Je € Ec s.t. ef¢ and L, (e) < i,,(é) and
U,(e) <U,(&).

Claim: V6, € I,,(¢) we have that, (e | 6;) < 0.

Proof. (Claim) By item3 we have that., (¢) < L, (&) andU,(e) < U, (¢) and by
(14) ALV(G | (95) S Aeé. O

Based on this result we have that imposing the constrairggalthe conflicting
events {5 degree planes) does not modify the projection of the soigei on to the
axis. This means that the projection of the solution$d}, (K -e) onto any of the
axis is a single interval (and not a union of intervals). Tdospletes the proof. [

In the following we present an algorithm that derives a sétB§ |-hyperboxes,
{I, | v € V} (V the set of indexes) s.t. for eatlE |-hyperboxI,, C(1,) is a legal
time interval configuration and the union of the subgeisl, (K¢) | v € V} that are
circumscribed byl,,, v € V is a cover of the entire solution s&bl(K o), i.e.

UVEV SOll,(Kce) = SOZ(Kce), WherESOZV(Kcé?) = SOZ(Kce) NI,

The idea behind developing the algorithm that we propose fsleows. First we
calculate the hyperbok that circumscribes$'ol(Kc¢). Then we should impose the
timing constraints imposed by the conditiolis- 5 in Proposition 3. We have three
kinds of constraints. Denote BY..,.f, K., ., andk?, , the set of constraints imposed
by the set of conflicting events (conditigR)), the equality constraint required by the
observation of the labdl,s, (condition(3)), and respectively the set of constraints
that require that the time configuration is complete w.he timeé,;s, (none of the

concurrent parts of the process are left behind in time).
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Consider a constraint, on the time intervall(¢) = [L(e),U(e)] of an event
e € Ec where:

Fe 1= {I’(e) = [L'(e),U'(e)] | L' () > L(e) or U’ (e) < ﬁ(e)}

The set of solutions oi s that satisfyk.., denotedS‘ol(f{Cs A Ke), IS Obtained
propagating the constraint forward to its successors and backwards to its predeces-
sors:

— forward propagation:for all e,, € e*®:

L'(e,) = max(L(e) + LS, L(e,)) andU’ (e,) = min(U(e) + Uz, U(e,))

— backward propagation:
i) for all e, € **e: U'(e,) = min(U(e) — LS, Ule,))
ii) for eache,, € **e s.t. L(e) — U > U(e,,) consider a different casec V':
i.1) L/, (e,) = L(e) — U?
i.2) foralle, € **e,e, # e, : L, (e,) = L(e,).

The backward propagation of a constrait may require to split an Ec |-
hyperbox considering different cases. Notice that the remolb cases is not bigger
than the number of concurrent predecessor events of thé etenwvhom the con-
straintk, is applied. For each hyperbdx., v’ € V' the set of constraints is updated
since in general it may be that new constraints appear whiteef the previous con-
straints are satisfied. If a constraint cannot be imposeddke is aborted while if
the set of constraints is empty the algorithm returns an tipgethat circumscribes a
subset of solutions oK .

The constraint propagation algorithm works as follows:

1) first step is to impose the constraints of kikg,, and K2, (required by the
received observation)

2) the second step is to impose for eadhi- |-hyperbox that results after step 1,
the set of constraint&,..,.s. E.g. forI, consider thall ¢ € E¢ s.t. condition2 in
Proposition 3 is not satisfied. Then for eacte E¢ s.t. eff;¢ consider a different
case and impose a constraint:= {L!,(e) = L,/(é)} if L,/(é) < L,/(e) Or kg =
{U,, (&) =U,(e)}if U, (&) < U, (e).

3) an arbitrary constraint. or ¢ is selected and then it is imposed backwards. If
new constraints appear on the time intervals of the predecevents ot or ¢ then
one of these constraints is selected and it is imposed fubekwards until a deci-
sion is achieved. Then constraints are propagated forvearthé| E¢ |-hyperboxes
that are not aborted. The maximum number of different cdsaisresult propagat-
ing recursively a constraint backwards is smaller than iee & the maximum set of
concurrent events in the configuration
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4) a decision is achieved for each case in finite time sincectineer points of
each| E¢- |-hyperbox are rational numbers and each constraint thauplea either
reduces one edge of théZ |-hyperbox or returns success/abort.

Example 5. Consider the TPN displayed in Fig. 2 and the part of the unfgd
developed up to the discarding tirie= 17 ( Fig. 3).

Consider the configuration displayed in Fig. 7 where the etbtpart indicates
the conflicting events,, eg, e12. Notice thate|, e;5 are passive, thus they are not
considered.

To deactivateeg we have that eithets or eq happens before the timg is forced
to fire. The interval whemrg is forced to fire is[3, 7]. First case ise; is executed
beforeeg is forced to fire. This condition is satisfiedef is executed in the interval
[4,7] (instead off4, 9]) and e; is forced to fire also in4, 7] (instead of [3,7]). This is
achieved ifes is executed in the intervé®, 5] or eg is executed in the interva?, 4].
The second case requires that fires beforeeq is forced to fire. Thugg should be
executed in the intervas, 7].

? by (? by b7 ? byg
3] €g €11

€= 7 = :
[10,13] [fg] jf 27 [3.8] 014
4 N i
/‘\lbl b3 '\‘/bG bg /\‘\,blo
€4 €10
[5,17] [5.17]
bby bs 4 b1o0

Figure 7. A configuration of the unfolding displayed in Fig. 3.

Consider thatk, is observed at timé&3. This constraint is imposed obtaining the
following four hyperboxes that provide four legal time ini& configurations:

1) I1(e2) = [2,4]; Ii(e3) = [5,7); Ti(ea) = 13; Li(es) = [1,5]; L (es) = [3,4];
I(eg) = [4,8]; I1(e11) = [2,5];

2) In(e2) = [2,4]; In(e3) = [5,7); Io(ea) = 13; I(es) = [3,5]; Ia(es) = [1,4];
Iy(eg) = [4,8]; Ia(e11) = [2,5];

3) Is(e2) = [2,4]; Is(e3) = [5,9]; Is(ea) = 13; I3(es) = [1,5]; I3(es) = [2,4];
I3(eg) = [4,7]; I3(e11) = [2,5];

4) In(ez) = [2,4]; Lo(es) = [5,9]; Lu(ea) = 13; Lu(es) = [2,5]; La(es) = [1,4]
Ii(eg) = [4,7]; Is(e11) = [2,5];
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7. The on-line diagnosis

In the previous sections we have presented the plant disgapdo the first ob-
servation or in absence of any observation up to the firsadiieg time. Then the
on-line diagnosis is performed calculating the plant béravp to a new discarding
time.

Notice that we can easily extend the time interval configanstsince the E¢ |-
points®;,, and©y;, that correspond to the lower limits of the execution tirfgs =
(Lu(e1) ..., L.(e|g.|)) respectively to the upper limits of the execution tintag, =
(Uv(e1)-..,U,(e|g.|)) are solutions of the characteristic system.

Theorem 2. Given a TPN modegWW?, M) we have that:

1) when an observable event is executed:

DRy (05) = {F} & DRY, (00) = {F}

2) for 6 the first discarding time after the time when th& observed event is
reported:

DRNe(OfL,é) ={F} & DRf\‘/’g(OfLﬁ) = {F}

3) and in absence of any observation, the diagnosis restit the detection of the
faults that for sure happened calculated any time in betwherlast observed event
and the discarding time is constant, % € [0,ps,,, 9):

DR (0F o) = {F} & DRES, (0)) = {F}

Proof. The proof is similar to the proof of Theorem 1. O

8. Conclusions

In this paper we have proposed on-line algorithms for thgribiais of TPN mod-
els. We have presented three solutions for implementafimat solution is appropri-
ated for a plant known to have a cyclic behavior and requoestculate in advance
the plant behavior during an operation cycle and then tottakebservation generated
by the plant into account.

The second solution that we have presented is to update ltdatans only at
the time a new observation is generated by the plant. Thitades suitable for a
plant that generates observations with a high frequency.

The third solution that we have proposed is to derive thetgdhahavior up to a
discarding time, i.e. up to a time when in absence of any eaten one can discard
untimed support traces because they are not consistentheitblant behavior.
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The analysis is based on partial orders and it requires feedier each configura-
tion the solution set of a system @hax, +)-linear inequalities called the character-
istic system a configuration.

We have presented two methods for obtaining the solutionfgbe characteristic
system of a configuration: first method derives exactly thigesolution set and is
based on the ELCP and the second method is based on conpn@iaigation and
computes a set of hyperboxes such that the subset of sdutiotine characteristic
system that are circumscribed by the hyperboxes provideser aj the solution set.
Both algorithms are NP-hard problems. Beside the numbevarits, the number of
conflicting events, and the maximum number of predecessspectively successors
of a node in a configuration, the computational complexithath methods strongly
depends on the structure of the system.

However there are a few reasons that allow us to claim thatvthenethods are
computationally more efficient than the ones (JAUR 97], [GH3]) presented in the
literature. Comparing with the method based on the states @aaph computation
[GHA 05] our methods have the advantage that not all theledeing of the concur-
rent events are considered. Moreover the computationaplexity depends in our
case on the size of the largest subnet that contains unalidernvansitions whereas
the computation complexity in [GHA 05] depends on the sizéhefentire net. The
algorithm in [AUR 97] solves a system ¢fnax, +)-inequalities enumerating all the
cases for eachhax-term. This combinatorial approach is known in the literatio be
computational less efficient than the ELCP.

Finally notice that for the characteristic system of thefiguation considered in
Example 5 the ELCP provideéssubsets while constraint satisfaction only finds 4 sub-
sets. The reason is that each face of a polyhedron thates#isfross-complementarity
condition provides a legal time interval configuration the tonverse is not true. The
subset of solutions that is circumscribed by a hyperbox @galltime interval con-
figuration may be obtained as a union of faces of a polyhedrandatisfy a cross-
complementarity condition.

However the set of hyperboxes obtained running the algarithsed on constraint
propagation does not allow one to calculate the minimum aaximmum time separa-
tion between the execution of two events unless a furtheraefent of the calculations
is performed.

We plan to extend the methodology for a distributed settihgne the strong as-
sumptions considered in [JIR 06a] to be relaxed.
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