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Abstract

We derive in this paper on-line algorithms for fault
diagnosis of Time Petri Net (TPN) models. The
plant observation is given by a subset of transi-
tions while the faults are represented by unobserv-
able transitions. The model-based diagnosis uses
the TPN model to derive the legal traces that obey
the received observation and then checks whether
or not fault events occurred. To avoid the consider-
ation of all the interleavings of the concurrent tran-
sitions, the plant analysis is based on partial orders
(unfoldings). The legal plant behavior is obtained
as a set of configurations. The set of legal traces in
the TPN is obtained solving a system(etax, +)-
linear inequalities called the characteristic system
of a configuration. We present two methods to de-
rive the entire set of solutions of a characteristic
system, one based on Extended Linear Comple-
mentarity Problem and the second one based on
constraint propagation that exploits the partial or-
der relation between the events in the configuration.

Introduction

We consider the plant observation given by a subset of
transitions whose occurrence is always reported. Moreover
the time when an observed transition is executed is measured
and reported according to a global clock. The unobservable
events are silent, i.e. the execution of an unobservabhisitra
tion is not acknowledged to the monitoring system. The $ault
are modeled by a subset of unobservable transitions.

The model-based diagnosis for TPNs comprises two
stages. First the set of traces that are legal and that obey th
received observation is derived and then the diagnosistresu
of the plant is obtained checking whether some or all of the
legal traces include fault transitions.

The diagnosis of a TPN can be derived based on the com-
putation of the state class graph as proposetbin How-
ever the analysis of TPNs is not tractable even for models of
reasonable size because of the interleaving of (unobdejvab
concurrent transitions.

Partial orders were shown to be an efficient method to cope
with the state space explosion of untimed PNs because the
interleaving of concurrent transitions is filtered dut,[8].
They were also found applicable for the analysis of PN mod-
els where the time is considered as quantifiable and continu-
ous parametdr],[3].

In this paper we extend the results presentd@iji7] pre-

thJdeI.I Infa TE:N a trgpsnmngap be fwe? W'tth'E a g|vep tlmfthe untimed PN support of the TPN model) with a valuation
Interval after its enabling and its execution takes no time t ¢ \hq execution times for its events. A time configuration is

complete. A(‘jt.racﬁ Ir'}'lghl\(la pladnt lcorr]npnse_s tr:je transitiont thal gal if there is a time trace in the original TPN that can be ob
are executed in the model (the untimed support) as Wei,ine from a linearization of the events of the configuratio

as the time of th_e_|r occurrence. . ... . _where the occurrence times of the transitions in the trage ar
_Since a transition can be executed at any time within afyentica| with the valuation of their images in the time con-
interval after it has become enabled, the state space of TPNg, ration.” A linearization of the events in a configuratien i
is in general infinite. Methods based on grouping statesunde, 4 that comprises all the events of the configuration exe

a certain equivalence relation onto so called state Clagses e only once such that the partial order between the gvent
proposed irf2]. The state class graph was proved to be finite, 1 configuration is preserved in the order in which they
iff the net is bounded, thus infinite state spaces can belfinite appear in the trace.

represented and the analysis of TPN models is computable. The on-line diagnosis algorithm that we propose works as
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the smallest value of the latest time when an observable eveh P |-vector,M : P — IN, that assigns to each place/gfa
could be forced to happen. The occurrence of an observablgon-negative number of tokens.
transition before the first discarding time is taken in to ac- The setL (M) of all legal traces of a PN(N, My),
count eliminating traces that are not consistent with the rewith initial marking M, is defined as follows. A transi-
ceived observation. Then the plant behavior is derived up tdion ¢ is enabled at the markingM if M > Pre(-,t).
a next discarding time. Firing, an enabled transitioh consumesPre(p,t) tokens
The set of all legal time traces in the original TPN canin the input placegp € °t and producesPost(t,p) to-
be obtained computing for each configuration the entire sokens in the output places € t*. The next marking is
lution set of a system ofmax, +)-linear inequalities called 37" = A + Post(t,-) — Pre(-,t). A tracer is defined as
the characterls.tlc system oft_he cpnflguratlon._ ' = M, t, M, ta, bk, M,, where fori = 1...k,
The calculations involve time interval configurations. A M. o> Pre(t). Mo I M. denotes that th
time interval configuration is an untimed configuration en-"" ‘=1 = m(tz.)' Yo — Ay, denotes that the sequence
dowed with time intervals for the execution of the events™2Y firé atMo yielding Mj.
within the configuration. A time interval configuration is le APN (N, Mo) is 1-safe|f_ for every _placep € P we have
gal if for every event and for every execution time of the éven thatM (p) < 1 forany marking}/ that s reachable from/o.

within its execution time interval there exists a legal ticos- 22 Occurrence nets
figuration that considers the event executed at that time. R i . .

Thus, we need to derive for each configuration the entird€finition 1 Given a PNA" = (P, 7, F') the immediate de-
solution set of its characteristic system. The naive apgroa Pendence relatiorx; C (P xT)U(T x P)is defined as:
to enumerate all the possibleax-elements would imply to V(a,b) € (PxT)U(T xP):a =1 bif F(a,b) #0
interleave concurrent events which is exactly what we wahnte efine< as the transitive closure of. (<— <*
to avoid by using partial orders to represent the plant beha\P ine= : v ure of; (3==7). )
ior. To cope with this difficulty we present two methods that The immediate conflict relation C 7 x 7'is defined as:
avoid the explicit consideration of all the cases for eagkx- V(t1,t2) € T X T :tifto if *t1 N o # 0

term in the characteristic system. Definet ¢ (PUT) x (PUT) asV(a.b) € (PUT) x
The first method uses the Extended Linear Complementar-p T): ﬁaﬁb i% 3t, tg)s.t.(tlﬁltg eantl (Zva)and(tg = b.)

ity Problem (ELCP)10] for deriving the set of all solutions " The independence relatioh c (P U T) x (P UT) is
of the characteristic system of the configuration. The smut  jafined as/(a,b) € (PUT) x (PUT):

set can be represented as a union of faces of a polyhedron that ’

satisfy a cross-complementarity condition. allb = —(afib) A (a 20) A (b2 a)

The second method is based on constraint propagation anskfinition 2 Given two PNsN = (P,T,F) and N/ =
exploits the partial order relation between the eventsiwith (P',T',F'), ¢ is a homomorphism from\/ to A/, denoted
the configuration. We derive for each untimed configurations . A — A wherei) ¢(P) C P’ and¢(7) C T’ andii)
a set of hyperboxes of dimension equal with the number of/t < 7, the restriction ofj to *t respectively*® is a bijection

events within the configuration such that the union of all thepetween®t and *¢(t) respectively betweett and¢(¢)°.
subsets of solutions that are circumscribed by the hypedox

is a cover of the solution set. Definition 3 An occurrence net is a ned = (B, FE, <)
The paper is organized as follows. In Section 2 we provideUch thati) Va € BUE": =(a < a) ("?‘_C_VC“C);”) Va € BUE

definitions and the notation used in the paper. In Section 3W'ff| {b: a < b} [< oo (well-formed);iii) Vb € B : | *b |< 1

formalize the diagnosis problem for TPNs models. The anal{n0 backward conflict).

ysis of TPNs based on partial orders is described in Section 4 |n the following B is referred as the set of conditions while

Section 5 and Section 6 present the two methods to derive thg s the set of events.

solution set of a characteristic system of a configuratiah an e . . .

then in Section 7 we present the on-line diagnosis algorithn€finition 4 A configurationC = (B¢, Ec, <) in the oc-

that we propose. The paper is concluded in Section 8 witffurrence net is defined as follows:

final remarks and future work. i) Cisa proper sub-netob (C C 0O)
. Lo i) C'is conflict free, i.e.
2 Notation and definitions Va,b € (Bc U FE¢c) x (Bec U Ec) = —(atb)
2.1 Petrinets i) C'is causally upward-closed, i.e.
A Petri Netis a structurd/ = (P, T, F') whereP denotes the Vb e BcUEg:a€ BUEanda %1 b= a € BcUEg

set of| P | places,T denotes the set ¢f7 | transitions, and  jy) min<(C) =min<(0)

F = PreU Post is the incidence function whetre(p, t) : N .

P x T — {0,1} andPost(t,p) : T x P — {0,1} g?e t)he Definition 5 Consider a PN, M) s.t.Vp € P : My(p) €

pre- andpost-incidence functiothat specify the arcs. {0,1}. A branching process of a PN (N, MO? IS a pair
We use the standard notations, *p for the set of input, 5 = (0, ¢) where0 is an occurrence net and is a homo-

respectively output transitions of a place; similatlyand¢® ~ MOrPhismg : O — A’s.t.:

denote the set of input placestt@and the set of output places 1. the restriction ofp to min<(O) is a bijection between

of ¢ respectively. Amarking M of a PN is represented by a min<(0) and M, (the set of initially marked places)



2. ¢(B) CPandg(E) C T
3. Va,be E:(*a= *b) A (¢(a) =¢(b)=a=0b
For a configuratior” in O denote byCUT(C') the maxi-

mal (w.r.t. set inclusion) set of conditions (i that have no
successors if':

cuT(C) = (( J ¢)uming(ON\ ([ *¢)

ecEc ecEc

Definition 6 Given a PN(N, M,) and two branching pro-
cessed3, B’ of PN (N, My) thenB’ C B if there exists an
injective homomorphisnp : B — B s.t. p(min(B')) =
min(B) andgop = ¢'.

There exists a unique (up to an isomorphism) maximum

branching process (w.r.€) that is the unfolding of A, M)
and is denoted(x- (M) [8].

Denote byC the set of all the configurations of the oc-
currence neld(My). For a configuratior € C denote by
(Ec)< the set of strings that are linearizations (&¢, <)
where a stringr = ejes . .. e, is a linearization of E¢, <)
if v =| Ec¢ | andVe,, ey e Ec we have thati) e, = e\ =
v = Aandii) for . # A, if e, < ey thent < .

2.3 Time Petri nets

A Time Petri Net (TPN)NV? = (P, T, F,I°), consists of
an (untimed) Petri NeV = (P, 7, F) (called the untimed
support of\?) and the static time interval functiaft : 7 —
(Q"), I = [L5,Uf), L3, Uy € n
all possible time delays associated to transitian7 .

Ina TPN (N?, M¥) we say that a transition becomes
enabled at the tim&;™ then the clock attached tds started
and the transition t can and must fire at some tine [65™ +

L:,0¢™ +Uy], providedt did not become disabled because of

the firing of another transition. Notice thats forced to fire
if it is still enabled at the timé;™ + U.

Definition 7 A state at the time& (according to a global
clock) of a TPN(N?, MY) is a pair Sy = (M, FI) where
M is a marking andF'I is a firing interval function associ-
ated with each enabled transition ™ (FI : 7 — Z(Q™)).

If ¢t is executed at the tim#;, < QT we write

(M,FI) —*% L84, (M', FI') or simplyS {0, g where:
1. (M > Pre(,t) N0y > 05" + L) A (V' € T sit.
M > Pre(-,t') = 0, < 05" + U;)
2. M’ = M — Pre(-,t) + Post(t,-)

3. Vt" € T st. M’ > Pre(-,t") we have:

(a) ift” #tandM > Pre(-,t") then
FI(t") = [max (05" + L3, 0,),00" + U
(b) elseds? =0, andFI(t") = [0+ L3, , 05"+ U]

A legal time tracer? in a TPN AY satisfies: 79 =

t1,0¢ 2,01 0,04,
So Gy Sy (t2 602 {ob) g \where
(tot1,06, 1)
., -:1—%5,+1f0m:0,...,vfl.

In the following for a time trace we use the notation to
denote its untimed support. For the initial st&tewe use also
the notationM{. DenoteL", (M) the set of all legal time

€ QT, representing the set of

traces that can be executed(iN, M{). We call L4, (M)
the time language of the TP, M§).

Lo (MY) is the untimed support language of the time lan-
guagel’, (Mf) i.e. Lyo (M{) = {7 | 3r% € L+(M{)}.

3 Diagnosis of TPNs
We consider the following plant description:
1. the TPN mode{\"?, M¢) is untimed 1-safe

2. T =17,U7T,, where7, is the set of observable transi-
tions and7,,, is the set of unobservable transitions

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

4. when an observable transiti¢he 7, is executed in the
plant the label,(¢°) is emitted together with the global
time ;o) when this execution of* took place

5. the execution of an unobservable transition does not emit
anything (is silent)

6. the faults are modeled by a subset of unobservable
events, 7y C Tyo; Iy : Tyo — Uy U {e} is the fault la-
beling function (2, is a set of labels andis the empty
label);i;(t) = eif t € T,o \ Ty andiy(t) € Qyif t € T

7. the faults are unpredictable, it € 7, 3t' € T \ 7
s.t.i) *t' C* tandii) L, < U;.

The plant observation at the time the" observed
event is executed in the plant is denoted @ =
(0681, 00bsy )y - -« (0bSH, Oops,, ), Whereobsy, ..., obs, € Q,
are the labels that are received &gk, < Oops, - .- < Oobs,,
are the occurrence times of the corresponding events.

Denote b)(?;‘;g the plant observation at the tige> 60,5, ,

i.e. (’)9 includes also the information that no observable
event occurred in the intervflps,, , £].

L‘,f\,e(O‘g) is the set of all time traces that are feasible in
(N?, M§) up to the time of the last observatlcrﬂgbé and
that obey the received observatioff wherer? € £5,, ((99)
if: i) 70 € Lo(MY,00s,) (77 is legal); ii) Io(1) =
obsy,...,0bs, (79 obeys thé'untimed” observation), and
i17) for each observable transitiep € 7,, k = 1,...,n we
have that, (t2) = obsy, = 01, = 0,5, (77 Obeys the execu-
tion times of the observed transitions).

Similarly £5.,(Of ¢) is the set of all time traces that are
feasible |n</\/9 MO) up to the time¢ and that obey the re-
ceived observatio®’ e

The plant diagnosisD se (thg) based on the received

observatron(’)e comprises the untimed strings obtained
by projecting the untimed support traces contained in
Lo ((99’ ) onto the set of fault transitioris;:

Do (00 ) = {Tf |70 € £9,(00 ;) andry = zf(T)}

The diagnosis resul?R o ((99 ) indicates that a fault for
sure happened if all the traces contarn fault events, i.e.
DRNQ (Onf) - {F} < € ¢ DNG (On,g)



If Do (thg) contains only the empty stringthen the diag-
nosis result is normal, i.e.

DRy (O ¢) = {N} & Dy (O] ) = {e}.
Otherwise the diagnosis result is uncertain, i.e. a faultcco
have happened but did not necessarily har{ﬁhn

4 The analysis based on partial orders

The partial order reduction techniques developed for ugdim
PN [8] are shown if1],[3] to be applicable for TPN. Con-
sider a configuratiol' in the unfoldinglix (Mj) of the un-
timed PN support of a TPN. Then consider a valuattoof
the execution times at which the eveats& E in the con-
figurationC' are executed, that is for eaele E- consider a
time valued, € T (T the time axis) at whicl occurs and®

is an| E¢ |-tuple representing the execution times of all the
events € Fe.

An untimed configuratior® with a valuation® < ! Fel
of the execution time for its events is called a time configura
tion of the TPN. A time configuration is legal if there is a lega
tracer? € L4, (M) in the TPN(N?, M{) whose untimed
supportr is a linearization of the partial order relation of the
events in the configuration (i.e: = ¢(0) ando € (E¢)<)
while the execution timé; of every transitiort considered in
the tracer? is identical with the valuation of the eveatfor
whicht is its image viap.

Consider an untimed configuratiche C. The TPNC? =
(Be, Ec, =,min<(Uy), I°) is obtained by attaching to each
evente € E¢ the static intervall; that corresponds in the
original TPN to transitiort s.t. ¢(e) =

Denote byf(ce the following system of inequalities:

Reo {

where in (1)**e¢ = 0 impliesmaxe ceee(fer) = 0.
Proposition 1 V7% € £4.,(M{) we have that ifr = ¢(o)
ando € (E¢)<, then® is a solution ofK e, where®
Oy Otp) = (Ocys0c 5 ) With d(e;) = t;, i
) | Ec |
Proof: The proof is straightforward. ]
Denote bYSOZ(Kce) the set of all solutions oK -s. The
| Ec |-hyperboxI that mrcumscnbesS‘al(Kcs) is easily
obtained ase € E¢, I(e ) [L(e),Ul(e)] with L(e) =
maxeeeee(L(€')) + LE andU (e) = maxe cose (U(€))) + US
whereVe € E¢ s.t. **e = 0, L(e) = Ls andU (e) = U.
Example 1 Consider the TPN displayed in Fig. 1. Static in-
tervals are attached to each transition. The observabla-tra
sitions arety, t7 andt;y and they emit the same labe}. and

tg are faulty transitions.
In Fig. 2 a part of the unfolding/x- (M) is displayed

where attached to each event E is the intervall (e).

We cannot claim yet that fof' € C there exists at least a
legal time configuration that corresponds withhecause for

Ve € Ec
(1)

max (0.) + Ly < 0. < max (0/) + U

e'c®%e e'c®®e

by ®by b7 b1o
e i esjr_ ?en
% B8 b Tiia }gis]
# .:/# # # Xepp
i 8 3 f?,s] T[4,14]
by 9 b'm?
2 10 ey

ot
[12, 302]T

\b [10,29]

by

b2 bbl

Figure 2:

Denote byE the set of conflicting events of a configura-
tion C € C where Ec comprises the events that could have
been executed but are not includedin:

C:{éGE\Ec| .éch}

The characteristic systetiice of configurationC' € C is
obtained by adding td{-s inequalities regarding the con-
flicting events :

max (/) + Le < 6 < max (0/) + UZ Ve € Ec
ch _ ee. e e'e®®e 5

min (0er) < max (0.)+ Ug Vé € Ec

e/ 1é CIIE .lé
Proposition 2 Given an arbitrary timet we have that? ¢
Efw(Mmg) iff. i) 7 = ¢(0),0 € (Ec)<andC € C; i7)
© Is a solution ofK s, iii) Ve € Ec = 0, < &, andiv)
Ve e ENABLED(C), 0. > €.
Proof: = Since the PN is 1-safe we have that for any legal
untimed trace- there exists a unique configuratiéhs.t. 7 €
(Ec)<. Condition1,3 and4 are trivial and the proof that
© = (t1,...,t,) is asolution ofK e is simply by induction.
< The proof is trivial. O

The problem the we should answer next’istp to what
time¢& to make the calculations for the on-line monitoring ?”

There are different solutions to answer this question, de-
pending on the computational capability, the plant behavio
and the requirements for the diagnosis result.

Solution 1: Calculations in advance

The first solution is appropriate for a plant known to have a
cyclic operation, where each operation cycle is initiatgd b
the plant operator.

a general TPN the enabling of a transition does not guaran- Having derived the plant behavior up to the tigihat cor-

tee that it eventually fires because some conflicting trismsit
may be forced to fire beforehand.

responds with the completion of an operation cycle, thetplan
is monitored on-line in the following way:



1. the received observation is taken in to account adding The first discarding timé is calculated iteratively as fol-
(in)equality constraints to the characteristic system of dows. 4 is initiated with a big value (say-co for simplic-

configuration.

ity) and then starting from the initial configuratiafi= =

2. or configurations are discarded when the current timéB™, E™-, <1) we construct an initial part of the net unfold-
exceeds the latest execution time of an observable evefftd by appending events as in the untimed case, the only

in a configuration.

The main drawback of this method is that a large amoun
of calculations is performed in advance and then discarde

because of the received observation.

Solution 2: Calculations after each observation

difference being that among all the enabled events denoted
y ENABLED(C) only the events with the smallest upper
Emit U(e) are appended, until the first observable event say
e is encountered. _
The discarding time is set equal t@(e°) and then the
configurations that contain® are extended up to the time

The second solution is to perform calculations each time a®/ (¢°)- Denote this set bg7; . Then for each configuration
event is observed in the plant. E.g. when the first observable’» € Cyi” We calculateSol (K¢ ) and for those configura-
event is executed in the plant we derive the plant behavior ujons that have a non-empty solution set we calculate:"),

to the timef,;, in the following way.
Let the first observation b&¢ = (obs, 0,5, ). Consider
the set of configuration§(0Y) s.t. C € C(0Y) if:

1. E¢ contains only one evert® s.t. ¢(e°) € 7, and
lo(6(e°)) = obs1, andbps, € I(e°)

2. Ve € *CUT(C) : L(€) < Ops,

3. Ve € ENABLED(C) : U(e) > Oops,

I.e. the smallest latest time when an observable exértan
be executed. Obviously/, (¢°) < U, (e°).

The discarding timé is set as the smallest latest time when
an observable event can be forced to execute considering all
C, € CI¢. Notice that a configuratiofi,, may contain some
other observable events and after calculafing( Ko ) some
other observable event may have the smallest latest time for
its execution. Then recursively all the configurations tat-
tain only unobservable events are extended up to the new dis-

whereEN ABLED(C) denotes the set of events that corre- carding timef by appending event(s) selected among all the

spond to transitions that are enabled frot@UT(C)).
The characteristic systefi . (0¢) of configurationC? ¢

enabled with the smallest upper lindite). Continue this op-
eration until either a new observable event is encountered o

C(0%) is obtained by adding td& -+ inequalities regarding no more events can be appended.

the conflicting events and the received observation.

Notice that becausé is calculated recursively some con-

This method requires less computation but the price to bggyrations (that contain at least one observable events) ar

paid is that a fault may be detected with a delay. This is be

0. . . .
. X , t the diagnosis result since the events that can be eccut
is received, thus the fact that the current time of the plant e fect the d agnosis result since the events that can be cu

ceeds the latest execution time of an observable event is n

taken in to account.

However this method is practically useful when the fre-
guency of observations is high, i.e. the time interval in be-

derived up to times bigger thah However this does not af-

8{ter the timed are seen as a prognosis.

The on-line diagnosis algorithm works as follows. When
the process starts we derive the set of configurations ugto th
first discarding time and then we have two cases:

tween two observations is short and control actions are in-
evitably taken with some latency. Moreover this method is
also suitable when the plant observation is known to be un-
certain, i.e. the observation of an event can be lost bea#use
a sensor failure. This is because in between two obsengtion
the diagnosis result w.r.t. the detection of the faults fbat
sure happened does not change if the observation is uncertai

Solution 3: Calculations up to a discarding time

A discarding time is the earliest time when in absence of any
observation one can discard untimed support traces becaus
it can be proved that they are not valid. E.g. the first discard
ing time is the smallest latest execution time of an obsdevab
transition in the plant.

Definition 8 A configurationC,, € C is derived up to
the time¢ if: i) max.c.cur(c,)(Lo(e)) < & and ii)

min.cgnvapLep(c,)(Uv(e)) > £ Given a configuration
C, € Cthatis derived up to a tim¢, denote by, (£) the set
of extensions of’, up to the time& > ¢’ whereC,, € C, (&)
if: i) C, C Cy, (Cy, is a continuation of”,) andizi) Cy,, is
derived up to the timé.

Case 1If no observation is received before the titéhen:

1. the configurations that contain observable events having
the upper limit equal té are discarded

2. for all the other configurations that contain observable
events inequalities of the form:

Kave = {80 > | & € B, ando(e”) € T}

are added to the characteristic systefys, and we de-
rive the entire solution set

8. for all the configurationg’,, € C,,, that contain only

unobservable events we check onlyii(K¢s) has an
non-empty set of solutions.

4. denote by‘?((’)g ;) the set of traces that are obtained as

linearizations of the set of events of the configurations
that are not discarded.

5. the diagnosi®’7, (O7 ) is obtained projecting (0! ;)
onto the set of fault tfansition@ 7
Case 2If the first observatior{obsi, 0.5, ) IS received be-

fore the time of the process becontethen:



1. the set of configurations,,,,, that contain only unob- 5 The method based on ELCP

servable events is discarded The ELCP is defined as follows (s¢&(]). Given A ¢
2. for each configuratio@, € C.;, that contains observ- R***, G € R?**, ¢ € R", d € RY, andm index sets
able events an equality relation: 1, 0m C{1,...,w}, findz € R” such that
;bsl = {060 = 90b51 | lo(eo) = ObSl Ne® e CV} Ax > C, Gr=d (2)
and for observable events other thehinequalities of m
form: Z H (Az—¢); =0 . 3)
ey = {0 > 0] ¢ € B¢ ando(e”) € T, } J=vicys

dded to the ch - dth Condition (3) can be interpreted as follows. Sinte > c,
gre.a r? tothe c laractensnc SystBipe and thenwe 5| the terms in (3) are nonnegative. Hence, (3) is equitalen
denvet be entlge Sr? ution sfet A btained to Hie% (Ax —¢); = 0forj =1,...,m. S.o we CF).uId-

3. denote by (Oy) the set of traces that are obtained assay that each set; corresponds to a group of inequalities in
linearizations of the set of events of the configurations4,. > . and that in each group at least one inequality should

that are not discarded. hold with equality. In[10] we have developed an algorithm
4, Dﬁﬁg (0Y) is obtained projecting (0Y) onto7; to find all solutions of an ELCP. This algorithm yields a de-

Notice that the plant diagnosis is derived either at the timescription of the complete solution set of an ELCP by finite

of the first observed eve@j’\}’e((??) or in absence of any Points, generators for extreme rays, and a basis for tharline
observation at the first discarding tirﬁeDj'(fe (Og g)- subspace associated with the maximal affine subspace of the

solution set of the ELCP.

Theorem 1 Given a TPN model\V?, M¢) we have that: Let us now explain howmaz, +) equations of the form
1. when the first observable event is executed: rgajx(&ﬁ +L<6< 1%?((91-) +U 4)
DR+ (07) = {F} & DR}, (OF) = {F}

_ S . . _ . R can be recast as an ELCP. First we introduce a dummy vari-
2. if no observation is received until the first discardig  abley = max;c s 6;. Then (4) reduces to

6 _ DO 6 —
3. and for any time < 0, in absence of any observation, which already fits the ELCP format. Let us now look at the
the diagnosis result is different fro: equatiory = max;¢ 7 6;. This can be recast as
DRy (05 ¢) # {F} v>0; forallieJ , (6)
Proof: (1) and(2) have a similar proof. Based on Propo- where for at least one indexc 7 equality should hold, i.e.,
sition 2 we calculate the set of legal traces up to given time
&. However some configurations include events that are ex- H (y—60:;)=0 @)

ecuted after the timé,,, or 0. Since the faults are unpre- ) es )

dictable the consideration of some events that can be esg:cut Cl€arly, equations (5)(7) constitute an ELCP. .

after the timed,,,, or § does not change the diagnosis result ThUSKce can be treated as an ELCP. First we derive the
W.rt. the detection of faults that for sure happené8) is polyhedron that provides the set of solution for the systém o

proved straightforwardly by the assumption that the faaes ~ linear (in)equalities given by 2. The solution set of the ELC
unpredictable. O is obtained as a union of faces of a polyhedron that satisfy th

Remark 1 Obviously by imposing the inequality that all the cross-complementarity conditidad).

events in a configuration ha_ve execution tlm_es smr_;lller tha% The method based on constraint
Oobs, Or 6 allows one to derive exactly the diagnosis result .

by removing the events that can be executed after the time propagation

0005, respectively). However this is not efficient for practical Before formally presenting the second algorithm we intro-
calculations especially when the frequency of observatisn duce first the definition of a time interval configuration.

high. Notice also that calculations in advance are not fully A time interval configuratiorC(I) is an untimed configu-
developed, thus it may be that an event that is considered exationC' € C endowed with time intervals for the execution
ecuted aftes,,;, might not be executed since an event that isof the events within the configuratiohis a vector of dimen-

successor of the observed event can pre-empt its executionSion| Ec | that comprises for each evente Ec the time

In what follows we present two methods to derive the SO_mtervaII (e) in which the event is assumed executed.

lution set of the characteristic system of a configuratiome T Definition 9 Given the observatio®{ and a configuration
first method is based on the ELCP and derives the entire sé- € C(OY) we have that the time interval configuration
lution set as a union of faces of a polyhedron that satisfy thé’(I) is legal if for any event; (Ve; € Ec) and for any
cross-complementarity conditiga0]. execution time),., of the event; (V0., € I(e;)) there ex-

The second method is based on constraint propagation argf e_xecution times for all the other events within the cenfig
derives for a configuratiot’ a set of| E¢ |-hyperboxes s.t. uration (3., € I(e;) for all ¢; € Ec \ {ei}) st. © =
the union of the subsets of solutions that are circumsctilyed (O, ;- - -, 0e,,-..0c ) is a solution of the characteristic
the| E¢ |-hyperboxes is a cover of the entire solution set.  systemK o (© € Sol(Kge)).



Given a hyperbox, C I denote by[L,(e),U,(e)] the
execution time interval for the eveat Then for a conflicting
eventé denote byL,(¢) = maxecees(L,(¢')) + U and
U,(€) = maxecees(U,(€')) + U§ the earliest respectively
the latest time whea is forced to fire. We have that.

Proposition 3 C(1,) is a legal time interval configuration if
the following conditions hold true:

1. I, C Isuchthatl,(e) < maxgcese (L, (¢')) + Us and
Uy(e) > maxereese(Un(€')) + L7

2.Vé € E¢,3e € Ec st.efyéand
Ly,(e) < L, (&) andU, (e) < U, (&).

3. Oops, = Oeo fOr € € Ec, ¢(e®) = I(0bsy)
4. Ve € .CUT(C) = Uy(e) < aobsl

5.Ve ¢ ENABLED(C) =
maXeleuoe(Ll,(el)) + Ués Z 901)51'

Proof: The proof is lengthy and is omitted. |

In the following we present an algorithm that derives a
set of| E¢ |-hyperboxes{I, | v € V} (V the set of in-
dexes) s.t. for each Ec |-hyperboxI,, C(I,) is a le-
gal time interval configuration and the union of the subsets
{Sol,(Kce) | v € V} that are circumscribed Wy, is a cover
of the entire solution sefol(K¢e ), i.e.J, o, Sol, (Keo) =
SOl(Kce), WhereSOll,(Kce) = SOZ(Kce) N Il,.

The idea behind developing the algorithm that we propose 2.
is as follows. First we calculate the hyperbbihat circum-
scribesSol(K o). Then we should impose the timing con-
straints imposed by the conditios- 5 in Proposition 3. We
have three kinds of constraints. Denote/6y,, s, K., and

" . the set of constraints imposed by the set of conflicting
events (conditior{2)), the equality constraint required by the
observation of the labél,s, (condition(3)), and respectively 3
the set of constraints that require that the time configomati
is complete w.r.t. the timé,;s, (none of the concurrent parts
of the process are left behind in time).

Consider a constraink. on the time intervall(e)
[L(e),U(e)] of an evenk € E¢c where:

{1’(6) = [L'(e),U"(e)] | L' (e) > L(e) or U'(e) < U(e)}

The set of solutions ofK-» that satisfy k., denoted
Sol(Kce Nke), is Obtained propagating the constratptfor-
ward to its successors and backwards to its predecessors: 4

1.

Ke :

- forward propagation:for all e,, € e**:

L'(ey) = max(L(e) + L¢, L(e,)) and
U'(ey) = min(U(e) + Us ,Ule,))
- backward propagation:

i) forall e, € *ter B
U'(ey) = min(U(e) — LE, U(ey))

ii) for eache, € **es.t. L(e) — U > Ule,)
consider a different casec V';

i.1) L (ey)

i.2) foralle, € **e, e, # e, : L, (e,) = L(e,). K/

/

L(e) — Us Fes

€10

& L
[11,13] |

Theneyq is required to be executed aftég,

?bl ®b4
: €5

243 bsd
Qb

§ /\ byl

Figure 3:

The backward propagation of a constraintmay require
to split an| E¢ |-hyperbox considering different cases. No-
tice that the number of cases is not bigger than the number of
concurrent predecessor events of the egeéntvhom the con-
straintx. is applied. For each hyperbdy., v/ € V' the set
of constraints is updated since in general it may be that new
constraints appear while some of the previous constraiets a
satisfied. If a constraint cannot be imposed the case isebort
while if the set of constraints is empty the algorithm return
an hyperbox that circumscribes a subset of solutions gf.
The constraint propagation algorithm works as follows:

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

obs

the second step is to impose for edch- |-hyperbox
that results after step 1, the set of constraifts,.
E.g. forI, consider thal ¢ € FE¢ s.t. condition2

in Proposition 3 is not satisfied. Then for eack Ec

s.t. efi;e consider a different case and impose a con-
straintk, := {L!,(e) = L,/(é)} if L,.(€) < L,/(e) or

ke ={U.,(€) =U,(e)}if U, (€) < Uy, (e).

an arbitrary constraint, or x; is selected and then it

is imposed backwards. If new constraints appear on
the time intervals of the predecessor events afr ¢
then one of these constraints is selected and it is im-
posed further backwards until a decision is achieved.
Then constraints are propagated forward for |t |-
hyperboxes that are not aborted. The maximum number
of different cases that result propagating recursively a
constraint backwards is smaller than the size of maxi-
mum set of concurrent events in the configuration

a decision is achieved for each case in finite time since
the corner points of eachE¢ |-hyperbox are rational
numbers and each constraint that is applied either re-
duces one edge of theE |-hyperbox or returns suc-
cess/abort.

Example 2 Consider for the configuratio displayed in
Fig.
and consider the case whenpis the event that was observed.
Lets,, = {f., = 13}. &) is propagated backwards and
a new constraint:;, appears wherex, = {I,

3 that the first observation is received at the tidse

[5,9]}.

is propagated backwards but no new constraints appears.

13, i.e.
is propagated backwards and

= {01 € [13,17]}. K"

€10



a constraints., appears wheres = {I., = [4,8]}. x, is
propagated backwards and no new constraint appears.

computational complexity depends in our case on the size
of the largest subnet that contains unobservable transitio

Then the timing constraints required by the conflictingwhereas the computation complexity [[6l depends on the
events?; andé,, are satisfied. What is left is the conflicting size of the entire net. The algorithm @] solves a system

eventés. We have thaesfiés and egfiég and I(e3) = [5,9],
I(eq) = [4,8], and(¢g) = [3,7]

We have two cases. First considgties. We haves;, =
{L., =5} andk,, = {U, =T7}. ke, is propagated back-
wards and we have two cases: eithBrfe;) = [2,5] and
11(68) = [174] or 12(65> = [1,5} and 12(68) = [274]

of (max, +)-inequalities enumerating all the cases for each
max-term. This combinatorial approach is known in the lit-
erature to be computational less efficient than the ELCP.
Finally notice that for the above example the ELCP pro-
vides8 subsets while constraint satisfaction only finds 4 sub-
sets. The reason is that each face of a polyhedron that satis-

ke, = {U., =T} does not produce new constraints. We ob-fies a cross-complementarity condition provides a legat tim

tain two hyperboxes and if we consider the case whgeg
we obtain in a similar way another two hyperboxes.

interval configuration but the converse is not true. The suibs
of solutions that is circumscribed by the hyperbox of a time

interval configuration may be obtained as a union of faces of

7 The on-line diagnosis

a polyhedron that satisfy a cross-complementarity coorliti
However the set of hyperboxes obtained running the al-

In the previous sections we have presented the plant di&gnogyorithm based on constraint propagation does not allow one
up to the first observation or in absence of any observation ufp calculate the minimum and maximum time separation be-

to the first discarding time. Then the on-line diagnosis is pe tween the execution of two events unless a further refinement
formed calculating the plant behavior up to a new discardingf the calculations is performed.

time.
Theorem 2 Given a TPN model\V?, M¥) we have that:

1. when an observable event is executed:
DR e (05) = {F} & DRYZ, (0F) = {F}

2. ford the first discarding time after the time when &
observed event is reported:
DR o (Oi,é) ={F} & 'D'R%g (OZ’(;) = {F}

3. and in absence of any observation, the diagnosis result
w.rt. the detection of the faults that for sure happened3]
calculated any time in between the last observed event
and the discarding time is constant, i¥¢ € [0, , 0):

DR+ (O; ) = {F} & DRI, (O}) = {F}.

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

(1]
(2]

(4]

8 Final remarks and future work

We have derived in this paper on-line algorithms for the di-
agnosis of TPN models. The plant behavior is derived up tc{5]
a discarding time, i.e. up to a time when in absence of any
observation one can discard untimed support traces because
they are not consistent with the plant behavior. The aralysi

is based on partial orders and it requires to derive theisolut [6]
set of systems ofmax, +)-linear inequalities.

We have presented two algorithms to derive the entire solu
tion set, one based on the ELCP and the second one based on
constraint propagation. Both algorithms are NP-hard prob-
lems. Beside the number of events, the number of conflict-
ing events, and the maximum number of predecessors respe[§]
tively successors of a node in a configuration, the computa-
tional complexity of both methods strongly depends on the
structure of the system. [9]

However there are a few reasons that allow us to claim that
the two methods are computationally more efficient than the
ones [1], [5]) presented in the literature. Comparing with [10]
the method based on the state class graph computijon
our methods have the advantage that not all the interleav-
ing of the concurrent events are considered. Moreover the

We plan to extend the methodology for a distributed setting
where the strong assumptions considerddjrio be relaxed.
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