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Types of Asynchronous Diagnosability and
the RevealdRkelation in Occurrence Nets

Stefan HaarMember, IEEE
INRIA Saclay - LSV, Ecole Normale Supérieure de Cachan
61, ave. du Président Wilson, 94235 CACHAN Cedex, France

Abstract—We consider asynchronous diagnosis in (safe) Petri [13]) of asynchronous discrete event systems. The advantag
net models of distributed systems, using the partial order of partial order semantics lies in the space reduction for

semantics of occurrence net unfoldings. Both the observality ; ; ;
and diagnosability properties will appear in two different forms, representing nonsequential processes that have a higaedegr

depending on the semantics chosenstrong observability and of parallelism. Ir_1 unfoldings, sets of concurrent events ar
diagnosability are the classical notions from the state magne Not ordered, which means they have to be represented only
model and correspond to interleaving semantics in Petri net By once (by one partial order) rather than by giving all their

contrast, the weakform is linked to characteristics of nonsequen- interleavings whose number is exponential in the size of the

tial processes, and requires an asynchronoysrogressassumption — oneyrrent set. See also [9] and the discussion in [7].
on those processes. We give algebraic characterizationsrfo Th f th t article is to i tiodt
both types, and give verification methods. The study of weak € purpose o € present article 1S (o Investgeie

diagnosability leads us to the analysis of a relation in ocavence agnosability for Petri net models under the partial order
nets, first presented in [15]: given the occurrence of some emt perspective. Not surprisingly, the work of Sampath et al.s
a that revealsbd, the occurrence ofb is inevitable. Then b may [30] classical characterization of diagnosabi"ty in |aages

already have occurred, be concurrent to, or even in the futue of of words obtained asequentialruns of automatawill carry
a. We show that therevealsrelation can be effectively computed

recursively - for each pair, a suitable finite prefix of boundel over - partly- to the asynchrpnous Sett'ng'.Where the lagegsia
depth is sufficient -, and show its use in asynchronous diagss. are formed bynonsequentiakuns of Petri nets However,
Based on this relation, a decomposition of the Petri net unfding  important differences will become apparent between the sit

into facets is defined, yielding an abstraction technique that ations in interleaving semantics on the one hand and ingbarti
preserves and reflects maximal partially ordered runs. order semantics on the other. Our analysis will lead us to
Index Terms—Petri Nets; Fault detection; Discrete event sys- distinguishweakandstrongversions of both observability and
tems diagnosability. In short, strongly diagnosable systeniewal
fault diagnosis under any policy of execution, even those
in which some subprocesses may move on quickly while
others halt; for weak diagnosability, diagnosis needs only
N highly distributed networked systems, events occur e successful in executions in which all parts progress in a
an asynchronous way; moreover, the supervisor needspilanced way.
receive alarms from sensors that are generally at a nonyve will also consider methods for verification of weak
negligible distance. Due to asynchronicity between théesys diagnosability; this requires to account for phenomena tha
and its supervision, alarms collected at different dist@misors are intrinsic toconcurrencyin system behaviour. It motivates
can not be meaningfully given a temporal precedence. indeeper analysis of the structure of occurrence nets,nigadi
particular, it is appropriate to abandon the usuérleaving to the revealsrelation > which we first pointed out (under
semantics which describes system behaviour by sequencegefname otoveringrelation) in [15]. It connects pairgt, b)
events. In fact, we will follow the approach of [8], [9] inwdfi  of events such that revealsb in the sense that whenever
« the system is modeled as a (safe) Petri net, thus takiagcurs,b must have occurred or will eventually occur as well
into account the local and asynchronous nature of staf@gile « may not be necessary for occurrencebpfWe will
and transitions, and define the relation, prove its key properties, and show that
« the semantics on which diagnosis operates is thaaof it can be effectively computed off-line on a bounded prefix of
tially ordered executionas obtained through the partialthe model unfolding.
orderunfoldingof Petri nets. Once the>-relation is known, it can be used, e.g., to detect

Petri nets (see e.g. [18], [26], [29]) and their partial ardeédnd identify invisible fault events: the observationdoéllows
unfoldings [6], [20], [25] have been increasingly used ioanet {0 deduce that any revealed by either has already occurred,
years for both fault diagnosis [8], [9], [14] and control¢seg. OF Will inevitably eventually occur (possibly in the futueé a,

or in parallel). This fact allows to generalize both (a pasté
Work supported French national telecommunication reseavetwork diagnosis and prediction.

(RNRT) project SWAN, decision no. 03 S 481, and by the INRIARS=ical A fyrther application of theevealsrelation is in a possible
program while the author was with School of Information Temobgy and ducti f th . i . b
Engineering, University of Ottawa, Canada. Email: Stéfaar@inria.fr or reduction of the size of occurrence net representations by

haar@Isv.ens-cachan.fr suitable abstractiondzacetsare subnets of the unfolding in
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which any two events reveal one another. As a consequenceWithout loss of generality and for convenience, we have
if anyevent in a facet) occurs, eventuallgll other events of added property 5) in Definition 1; it is not required, e.g., in
1) have to occur. Facets enjoy some nice structural propgertigs, . Note further that, as a consequence of property 3) i De
their study opens the way to a new topic qfialitative 1, BUF is well-ordered by, i.e. there exist no infinite strictly
diagnosabilitywhich is the subject of future work. decreasing sequences. Occurrence nets are useful toespres

The paper is organized as follows: Section Il gives basaxecutions of Petri nets, see below: essential dynamiogl-pr
definitions; Section Il recalls the asynchronous diagnosérties are visible via the topological structure of the dcyc
methodology from [8], [9], [14], and defines weak and strongraph. Nodesr and z’ are concurrent,written z co z’, if
diagnosability concepts. The characterizations for the tweitherz < z/, norz’ < z, nor z#z’ hold. A co-setis a set
properties are given in Section IV. Section V studies effect X C b of pairwise concurrent conditions. A maximal co-set
verification of diagnosability. Theevealsrelation is intro- X w.r.t. set inclusion is called aut, and generically denoted
duced and studied in Section VI; Section VII presents army the symbolc; in particular,c, is a cut, called thenitial
analyzes abstractions into facets and associated didgjligsa cut of ON. - We note for future reference that occurrence nets
issues, and Section VIII concludes. are a special case efvent structure$27]:

[I. DEFINITIONS . . .
i _ ) i Definition 2 A tuple€ = (E, <,+#) is a prime event struc-
Nets and homomorphisms: A net is a triple ture or PES iff

N=(P,T,F), whereP and T are disjoint sets oplaces
andtransitions respectively, and” C (P x T)U (T x P) is ~)
the flow relation? In figures, places are represented by circles, 2) [e] is finite for alle € E, _ _
rectangular boxes represent transitions, and arrowssepre 3) # & £ x E is symmetric and irreflexive, and for all
F. For nodez € PU T, call *z 2 {4/ | F(«,2)} the z,y,z € B, x#y andy < z together implyz#z.
preset andz® £ {2’ | F(z,')} the postset of z. Let < be
the transitive closure of' and < the reflexive closure ok;
A ! 1 H ; P
2:;:16%22 ftgﬂd m{xg[i] \<{£ tt;]e;?;[_aég?lioio;ﬂguratlomr N = (N, My), where M, C Ptis aninitial marking. ¢ etT
A net homomorphisnrom N to N’ is a mapr : P U IS enabledat M, writen M —, iff *¢ € M. If M —,
T — P'U T such thatli) =(P) C P, «(T) C T’, and(ii) then ¢ ca? fire, leading toM’ = (M\*¢) U ¢*; write in that
et *t — *m(t) and 7pe ¢ t* — 7(t)* induce bijections, caseM — M’. The setR (M) contains the markings ot/

1) (E, <) is a countable, partially ordered set,

Petri Nets: Let N = (P, T, F') be a finite net. Anarking
of net N is a set M C P. A Petri net (PN) is a pair

for everyt € T. reachablethrough—. A Petri net\ = (N, M) is safeif for
Homomaorphisms between nets allow to formalize branchiml M € R(M,) andt € T, M -4 implies (¢* N M) C °t.
processes, see below. Only safe nets are considered in this articleplEe M, we
will draw a blacktokenin the circle representing.
Definition 1 Two nodesz,z’ of a net N are in conflict, Example: In Figure 1, the left hand side shows a safe

written z#2’, if there existt, " € T such that() ¢ # ¢', Ppetri net whose initial marking i$/, = {1,4,7}. In M,

(i) *tn*t’ # 0, and(iii) ¢ <z andt’ < z’. Anodez is said the enabled transitions are 3 and 7. The net represents a
to be inself-conflictiff z#2. Anoccurrence nefON) is a net simple model of fault propagation between two components:
ON = (B, E, I, co), with the elements dF calledconditions component 1 consists of transitions 3 ,and v, and places
and those off’ events satisfying the additional properties : 1 and 2; component2 of transitions 6,7, ¢, with places

1) no self-conflictVe € BU E : —(z#x); 4,5,6. The place and7 serve as an interface linking both

2) < is a partial order:Vz € BUE : =(z < z); components. Initially, both components are in ak state

3) Finite conesVz € BUE : |[7]]| < o0; reflected byM,. Then, if  fires, component 2 will remain

4) no backward branching¥b € B : |*b] < 1. permanently in a faulty state (reflected by place 6), regasil

5) the setcy £ min(ON) of <-minimal nodes ofON is  of the actions in component 1. On the side of component 1,
contained inB. occurrence fault3 has no outside effect; the effect ¢f on

A prefix of ON is any downward closed subsBtC B U E, component 1 can be repaired by occurrence.dfaulta, on

i.e. such that for every € R, [z] C R; by abuse of notation, the other hand, marks plagand thus enables the induced
we will identify a prefixR with the subnetof ON spanned fault on the side of componegt thus exhibiting propagation
by thesetR. PrefixC is a configurationiff it is conflict-free, of a fault; in this model, that fault can be repaired on either
i.e. x € C and z#y imply y € C. Denote asCon(ON) the component, through and(, respectively.

set of ON’s configurations. Call anyC-maximal element of Branching Processes and Unfoldings: A branching
Con(ON) arun of ON; the set of runs is denoted & ON)  processof the safe Petri netV' = (P, T, F, M) is given
or simply (2 if no confusion can occur. by a pairll = (ON, ), whereON = (B, E, G,c), andr

The right hand side of Figure 1 shows an occurrence net. The? homomorphism frondA” to IV, such that

leftmost branch, with events labelgt~, 3 is an example of 1) 7 is injective oncy, andm(co) = Mo;

a configuration.
2we will only consider safe nets here, the general definitibmwing for
lonly ordinary nets are considered here, i.e. with arc weightsr 1. multisetmarkings is therefore not necessary.
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Fig. 1. A Petri net (left) and a prefix of its unfolding (right)

2) forall e,e’ € E, *e = *¢’ andw(e) = w(e') imply We note the following technical properties:
e=c¢e.
For I1,, IT, two branching processeH,, is aprefix of I1;, Lemma 1 ([5], [29]) If i = (B, E, G, co, m) is the unfolding
written I, C Iy, if there exists an injective homomorphisnPf safe Petri netV' = (P, T', I, M), then:

¥ from ON, into a prefix of ON1, such that) induces a bi- 1) If ¢ C B is a cut then so ig’ £ (c\®¢) U e* for every
jection between the initial cuig} andc2, and the composition e such that®e C c;
1 09 coincides withm,. 2) for z,y € B, = co y impliesw(z) # m(y).

By theorem 23 of [5], there exists a unique (up to an iso- 3) m maps all cuts olON into N-markings inR(1,), and
morphism)C-maximal branching process, called tirefolding every marking irR(Mp) is ther-image of a cut olON.

of N and denoted{(N); by abuse of notation, we will also

usel(N) for the occurrence net obtained by the unfolding.Olenotec The mappingC — c¢ is bijective; for each cut
The unfolding ofA” can be computed using the following_“ = '~ " theppcones o al cor{ditioné in yield the
canonical algorithm by Esparza et al [6]. For any branc:hinl%1ique configuratior® such thatc — C Moreove?l one has
processll = (ONp,m) of N = (P, T, F), with ONp = % o = dences: '
(Bm, Fm, Gr), denote aspez(II) C T x B(B) the set of € 10/lowing two correspondences.
1T, FI1, 211 = e If C is a configuration ol/y with N' = (N, M), then

possml(.e extensiors 11, i.e. of the pairg(t, X') such that every occurrence sequengebtained as a linear order exten-
« A'is a co-set ofON, sion, i.e. arinterleaving of the partial ordek¢ yields a firable
« Ct= Wn(f\/)’ transition sequence of/. Conversely, every firable transition
« B contains no event such thatr(¢) =t and®e = X.  goqence v’ corresponds to a linear order extension of some
Now, let co = Mo x {0} and initialize II = (co,0,0); configuration of/x-. To sum up: the nonsequential executions

Every finite configurationC terminates at a cut, which we

recursively, for givenIl = (ONp,mu) with ONn = of A are in one-to-one correspondence with the configurations
(Bu, En, Gn), computepez(ONn) and replace: of U(N). We will therefore speak af\"s configurationsand
Eu by EnU pes(ON), write Con(N) £ Con(Uy) andQ(N) £ QU).

. e For every reachable markiny C P of N, there exists
Bn by BunU{(P,e)|e€pex(ONn),p € mule)"}, and 4 east one cut of U(N) such thatr(c) = M, and for the
Gn by GmnU{(b,(t,X))](t,X) € pex(ONt),b € X}  unique configuratio such thaice = c, execution ofC takes

U{(e,(P,e)) | e € pex(ONmu),p € mr(e)*}. My to M; write My -5 M for this. Conversely, every finite



configurationC corresponds to a unique reachable markinactive sensor needs to be put on the corresponding plant part
M(C) given by M (C) £ n(cc). We call configurations such allowing to record some alarm(a) on each occurrence of
that M (C) = M(C') marking equivalentand denote this by «. Conversely, if we determine that visibility of is not
C=mC. necessary, then such a sensor need not be deployed (or, if
it is already in place, we need not record its alarms).
. A SYNCHRONOUSDIAGNOSABILITY Since the as_ynchronous s\_emantic_sl\()ﬁs given _by the _set
. . ) . ) of nonsequential processes, i.e. tunfigurationof its partial
Let us start with a reminder on Diagnosability for intery,qer ynfolding/y, these take over the role that is played by
leaved sequences, and recall the formal definition of S&mp@ie \yord-language for automata in the abovecehfiguration
et al. [30] for diagnosis in interleaved models (see also Ligng,age (CL)s a set of finite partially ordered configurations
[24]): let £ C ¥* be a prefix-closed language (the behavial,-h thatc €L andC’ C C imply C’ € L. For a given safe

of the system to be diagnosed) over the event alphabet pqyi net\’ = (P, T, F, My), let the configuration language
denoteO C ¥ the set ofobservableand UO £ 3\ O that of of N be

unobservableevents. DenoteP : ©* — O* the projection to

observable words, that is, the homomorphism that erases all LN) £ {CNE|CecConN)};
unobservable events and leaves observable ones unchanged:; . . . . .
moreover, leth € UO be afault’. ThenZ is diagnosableff ﬁlaq is, the language of\V' consists of its configurations,

. A considered as sets elents
there EXIS*tSn € IN such that, for any V\_/or_du =w¢in L, Height and Progress: As Fig. 2 shows, concurrent
anyv € ¥* s. th.wv € £ and|v| > n satisfies

systems may exhibit non-sequential processes whose local
re PUP(w)] = |z|g>1. (1) parts do not progress at the same pace. Suppose the fault to
be diagnosed ig. On some interleaved behaviorsmay go
Here, |u| denotes total length of word, and u, the number nqetected: if the net performsand an infinite number of
of ¢p-occurrences im. Condition (1) means that every behavioEydes involvinga: and 3, no decision ony will be available.
x that produces the same sequence of observable events agjowever, it is clear that ify never occursy eventually occurs
does, contains at least one fault event: all extensions of yiih certainty unless the right hand part of the net remaifes i
at least lengthn will make the fault apparent. A polynomialtgrever, In most applications, the assumption that ”soingth
time algorithm for testing diagnosability is given by Kuner . eventually happen”, is realistic for every processadtved.
al. [19]; see also Yoo and Lafortune [32]. _In particular, if a transition is enabled, it will eventuatither
Asynchronous Diagnosis:Moving to the non-sequential fire or hecome disabled by another transition. Heres not in
framework, we shall be using analogous terminology anghy way influenced by and 3 since its only conflict is with
symbols. n. As opposed to the interleaved case, we therefore consider
two different notions of diagnosability:
Definition 3 Let N' = (P, T, F, My) be a Petri net with , the restrictive one oftrong diagnosability which re-

unfoldingl/ = (B, E, G,7), and¥ an alarm alphabet con- quires faults to be detected tyl infinite executions;
taining the empty symbel further, letA : ' — ¥, for X some  , andweak diagnosabilitywhich requires that all faults be
non-empty alphabet, belabeling functionassociating alarms detectable at least on those executions which progress in
to system transitions. Callilent or unobservabldransitions a balanced way on all local components.

the elements o/O = A~'(c), and let O = T\UO be the Thg examples will show that the two notions do not coincide.
set of observabletransitions, and ¢ € UO the fault to be 14 formalize things, we have to dwell on the notionhafight
diagnosed. which is the measure for progress of the system in logical

time. Measuring the progress in a concurrent processesecan b

Here, N' = (P, T, F, My) is the underlying “true” system, _ X -
with the places inP representing the local states. This frameo-Ione by counting events, like for sequences; this leads to a

work allows forsilence(i.e. labeling byz) andambiguity(the notion Qf Iength see [4]. This Ie_ngth IS o be contrasted with
same label for distinct events). We assume that UO; height in which the causal relations between events are taken

: . . . into account: the height of a prefix, e.g. a configurationhes t
the diagnosis problem considered here concerkest faultf, length of its longest causal chain; call this thygper heightA

whose associated “alarm” is Set E; = 771({¢}), Eo = - : .

7-1(0), and Eyo £ E\Eo. The approach carries over omore sophisticated height function measures, so to gpleak, t
setsof faults without deep changes, yet we will focus on thgdva_mcemen_t of the slowesf[ part_s of the process. This ct_)ncep
case with one fault event to keep notations simpler. We wfIIWT'(,:,r} we w&llbcatlrlllowerf_h(;ght- IS bssled On;hi me?sunng
illustrate below the effect of different labeling funct®on the scaje” formed by the prehixes,,, See below, which are forme

same net; that is, fo fixed, we will ask what constraints by all nodes whosepper heightis at mostn. These prefixes

: : o : R, grow uniformly "on all ends” as: grows.
éergll:i?itn;afrl]j%/ et% at(i:\:?sviteio;b(s)?%aeb"rllteyt i2dthdelalger;t0i2fr31lgty. Let us formalize things now. We first define thpper height
v of a prefixR to be the number of events in the longesthain

side of figure 1 be observable, means in practice that an . .
g P INn R. That is, we set recursively

Ssee Kumar and Shayman [21] on observability and co-obsiityab ﬂ(c ) 2 (2)
“for simplicity, we assume there is only ofault typein the sense of [30]; _ 0 A _
the developments given below extend to the general case. H(le]) = 1+H(le)), 3)



Progress

Call the finite configurations that satisfit(C) = H(C)
progressive By extension, call an infinite configuratiof
progressive iff all its finite truncationgC N R,), N are
progressive. A non-progressive configuratiGhmay allow
an extension by events whose height is inferior HgC).
By contrast, progressive configurations cannot be extended
without increasing the lower height.

The term of 'progressive’ configurations is justified by the
fact that their local processes all progress ifaia way, none
of them lagging behind indefinitely

Example: In Fig. 2, consider the configuratiors (light
gray) andC’, with ¢ C C’; we haveH(C) = H(C') = 1,
but H(C') = 2 and H(C') = 1. Clearly, C is progressive
Fig. 2. Left: a Petri Net ; right: a prefix of its unfolding wittwo of its and _C/ 1S r_10t; howeverC’ can be extended into progressive
configurations configurations, e.gC’ U {y}. Denote asLp,.g the set of
progressiveconfigurations.

Faulty configurations : ForC € L let Co be the labeled
partial order induced b¢ onC N Ep. Write C ~¢ C' iff Co
andCy, are isomorphic. Let, be the equivalence dn given

H(R) £ sup{H([e])|e€ ENR} (4) by

(note that withsup(()) £ 0, this is consistent witft(cy) = 0). C=4C iff (CNE;=0 <= CNE;=0);
Let n € Ny, and defineR,, to denote the maximal prefix
whose height does not exceed that is, R is the set of all
nodes of height not exceeding

and for arbitrary prefixe®,

that is, two configurations are-equivalent if either both
contain a fault, or neither of them does.

Live and dead configurations: In analogy with the
{e€ E|H([e]) <n} livenessrequirement in [30], let us say that a configuraton
Uees, ([e]Ue®); is dead iff it has no infinite extension, i.e. if€ C C’ implies

" that H(C)' < co. This finishes our preparations.
call R,, A’s nth prime prefix

E,
Rn

>l

Definition 4 Let height measuré] : L. — [0,00) be either

H = H(e) or H =H(e). A CLL is H-diagnosablew.r.t. O

and ¢ iff there existsn € IN such that for all configurations
Specializing on configurations, we haweo different height C € L that have the fornC = [ey] with e, € Ey, every

functions: First, applying (4) directly to configurationseen C € LL such that

as special prefixes - yields theper height H(C) € NU+oco  (a) C, CC,

for C € Con(N). Second, define thiower height #(C) of  (b) C is not dead, and

C as the index of the greateR,, in which the trac& N'R,, (c) H(C) > H(Cy) + n, satisfies:

of C is a maximal configuration of the occurrence rief. , , ,

Formally, we define, settingup(f) £ 0 : V' el: C'~oC = E;NC #0. ®)

HEC) 2 sup{neN|IweQ: wNR,=CNR,}. Now, we lift diagnosability from languages to nets:

Upper and lower height

Since theR,, consist only of executions of perfectly balancedpefinition 5 Let N = (P, T, F, My) a safe Petri net// =
uniform progress, the lower height of a configuratibnan be (B £, ¢ ¢,) its unfolding, andL and Lprog @s above.
seen as théime until progress imbalance sets @n C. This  Fyrther, let £, 2 7—1(0) C E be the set of observable
height function can be used to define a metric that is standaigbnts ¢ ¢ E, a and Ey 2 771 ({¢}). Then\ is said to

in partial order semantics, see e.g. [4], [22], [23]. Theautirsg 1) be observableor satisfy OBS (for 0), iff v C,C’ € L
topology on runs can be used to describe system properties; ' ’ '

application of those topological tools to diagnosabilgytie ccc
subject of ongoing work whose discussion would lead us too AN C#EC = (C#0C) (6)
far afield here. N Me = M
Of course,H(C) < H(C), with equality iff either 2) be observableor satisfy WOBS (for 0), iff (6) holds
o H(C) =400, Or in Lprog-
e all runsw,w’ € Q that extend’, i.e.C C w andC C «/,
agree onR, with n = ﬁ(C), ie. 5In fact, progressive executions for safe nets are necBsdaii in the

sense that any transition which is enabled an infinite nurobéimes must
also fire an infinite number of times. The converse is not tfaie;executions

— — — / —
wn RH(C) =C=uwn RH(C)' do not necessarily lead to progressive configurations.



3) be (strongly) diagnosable or satisfyD w.r.t. O and ¢,
iff
a) N satisfiesOBS (for 0), and
b) L is H(e)-diagnosable w.r.tO and ¢.
4) beweakly diagnosable or satisfyW w.r.t. O and ¢, iff
a) N satisfiesWOBS), and
b) Lprog is H(e)-diagnosable w.r.tO and ¢.

extension ofC; and C; any marking-equivalent extension
of Cy; and (iii) Ci is faulty andCj is not. Note, before
we proceed to the proof, that (7) allows = Cj in the
assumption. In preparation of the proof below, denote as
Cy o C the concatenatiorconfiguration obtained frong; in
N = (N, M) andCs in N¢, (N, M(Cy)) appended afte€;.
Define furtherC' £ C andC**+! £ CF o C.

Proof: We show the strong diagnosability case; the result
Some remarks are in order. Firststrongly diagnosable net for weak diagnosability is obtained in the same way with
N is also diagnosable in the sense of [12], [30] (see (1)), aneblaced byLprog. FOr the“only if” part, letC; C C., i €

vice versa. In fact, consider the interleavings\éé runs. The

{1, 2}, constitute a violation of (7), i.e.

existence of the constant bound n, such that the fault can be

decided with certainty at most actions after occurrence of
the fault, corresponds to the fact that only a finite number of

invisible transition firings can occur concurrently to angible
transition.

1) CéﬂE(z,?é(Z) andC{ﬂEd,:ClﬂE(i, = 0;

2) defining configurations; by C; = C;op; fori € {1, 2},
one has that;; contains at least one event, and

3) C1 ~o Ca, Ci ~0 Cé and Mci = MCQ-

Secondly, note that while strong diagnosability trivially=rom 2, it follows that a copy ofi; can be appended 6!

implies weak diagnosability, the converse is not trua Fig.

2, suppose3 is the fault actionp £ 3, O = {a}, and for

m € IN, let C™ be the smallest configuration such that
() 3 never occurs o™, and

(i) & occurs exactly m times ofi("™).

Then™(C(™)) = 2m +1, yetC™ ~o ¢ for all m, so the

system is not strongly diagnosable. Note that@&) are not

progressive; allprogressiveconfigurations of height at least

2k + 1 contain at leask instances oty € O. It follows from
the above that the system is weakly diagnosable.

IV. CHARACTERIZATION OF DIAGNOSABILITY

as well, and so forth; le€* = C; o ¥ be the configuration
obtained after appendiniy copies ofy; to C;. Observe that
H(CF) > max(k,H(C1)). Thus H(CF) — o0 ask — oo.
Now, by assumption we havéy ~o Ca; by construction,
pa N Eg # O and thusCk N Ey # 0. Hence (5) is violated.

To show the'if” part, suppose (5) doewt hold: for every
n € IN, there exist€(n) € L(N) such that

1) somee € Ey is <-maximal in £ NC(n), and
2) there exisC;(n),C2(n) € L(N) such that

Cn)CCi(n) A H(C(n) = H(C(n) +n
AN Cg(n) ~0O Cl(n)

A Ca(n)N Ey = 0.

After these preparations, we are now ready to state and _ _
prove our characterizations of weak and strong diagndsabil Assume first that one can choaSg(n) with

As in the classical setting, diagnosabilityislatediff the sys-
tem is able to perform two indiscernible, non-fault-eqleve
cycles. That is, there must b@-equivalent configuration§;
and C, with, respectively, extensiong; and(j that are O-
equivalent and marking-equivalent, but reequivalent; then
the system may repeat that cyclic behavior indefinitelyhauitt
a decision about occurrence of faults. In fact:

Theorem 1 With labelingA : T — 3, and ¢, O, UO, L
andL,,.g as above, a safe Petri n&f = (P, T, F, M) that
satisfiesOBS is strongly diagnosablew.r.t. O and ¢ iff for
all Cl,CQ,Ci,Cé e L,

Ci~oCy A Ci ~0 Cé

CL#C)
. Me, = Mg
Vz€{1,2}:{ A C-CIIZC{ Ci

A netN that satisfiesVOBS is weakly diagnosablev.r.t. O
and ¢ iff the restriction of (7) toLprog holds.

(@)

In other words, violations of diagnosability are charaietet
by the presence of configuratiods andC, such that(i) C,
and C, are observationally equivalentii) C; and C, have

extensionsC; and Cj, that are observationally equivalent to"
one another, and such th@t is a proper marking-equivalent

Ssimilarly for weak and strongbservability

Cn) E Ci(n)ECi(n)

such that

Me, (n)
Ci(n) ~o Cy(n)

Mer (nys
A Ci(n) # Ci(n);
then we are done by settir@}, = C2(n). Thus assume

ch;qwgaw
v

Ci(n) ~o Ci(n)

Me, (n) = Meyn)
For anyC; T Ci(n), let Simil(C1,n) be the set of config-
urationsCy C Ca(n) such thatCo ~ C;. For any reachable
marking M of NV, let S;(M,n) be the set of configuratiorty
such that(i) C; C Ci(n) and (i) M = M(C,). Let K be the
number of all reachable markings &f. Then for alln > K,
there is at least one markindy such that|S; (M, n)| > 2;
repeating the argument, one finds using (8) that fonaH K2
there exists a marking/ such thatlS; (M, n)| > K. With

Cy € L(N), aC, € Sl(M,TL) :
Ca C Ca(n) Ci~o0Cy |’

e therefore haveSimila(M,n)| > K. Thus there exist
C2,Cy € Ua(M,n) such thatCy # C; and Mc, = Mcy. By

definition of Simila(M,n), C1 ~o C2 andCj ~o C. Since,
by constructionC; C C; C Ci(n) and Mc, = Mc;, property

}éaw—qw}(m

Simila(M,n) = {




(7) is violated, g.e.d. O O = {6} or O = {4,n}, is weakly observable: it is not
Note that the progressive and non-progressive cases missible to reproduce, by executing progressive configunsit

not require separate proofs: the difference is only in the sany reachable marking without firing any additional firing

of configurations over which the differed@tvariables in the of {3} aloneis non-progressive unless it is balanced by an

proof may range. However, recall that the strong and weaklditional firing ofo.

diagnosabilitypropertiesare not equivalent, as the examples

above and below show. V. VERIFICATION OF DIAGNOSABILITY
A detailed analysis of checkingtrong diagnosability is
Examples: given by Cabasino et al. [11], [12], using Net invariants. We

, ] . : will focus our attention orweakdiagnosability here.
1) Fig. 1: Let us ask under which choices of observable Finite Complete Prefixes: The runs of/(\') represent

.SEtO < T the netV salisfiesOBS, e}nd if so, Whgthev\f all maximal nonsequential executions. That is, any firing

IS t_hen diagnosable for tha? and a gven faultp. .F|rst, we sequenceof N\ is obtained as the linear order extension of
claim thatOBS (and evenWOBS) is equivalentwith (some prefix of) some ruw € QU(N)). Even if unfoldings
vyeO V [BeON({a,6,(3N0O >=1))]. (9) are infinite in general, any safe Petri net admits fioitenplete

) prefixes that contain at least one copy of every reachablk-mar

In fact, everyC € mazoy containsy-labeled events, so thejng. this is what allows using branching processes in Model
implications(y € 0) = OBS = WOBS are immediate. checking [6], [25]. Methods for obtaining and optimizingau

On the other hand, supposez O; then we deduce from the complete prefixebave received considerable attention in the
configurationC on shaded background in the figure that O jiterature, see e.g. [20]. The definition and size of suctiixes

(otherwiseC and two of its prefixes yield witnesses of nonyaies with the intended purpose. We use here the following
diagnosability). Inspecting the other non-dead configonat yefinition. similar to that in [13]:

of mazk in a similar way, we see that ¢ O entails(d €

0)V (¢ € 0); we deduce that (9) is necessary for (both weaKefinition 6 The order 1 unfolding, denotéd (), is a finite
and strong) observability, and thus for (both weak and gfyonyrefix of the unfolding obtained by stopping the constructio

diagnosability. Now, let us check sufficiency, i.e. whethet \yhen we reach aut-off evente, i.e., an event such that:
O makesN diagnosable For this, let us consider the cases « EITHER M([¢]) = Mo;

¢ =n and¢ = §. Since we have to respegi¢ O, (9) is « OR there exists another everitsuch that(i) [e'] C [e],
reduced , in the cas¢ = (3, to and (i) M([e]) = M(e']).

[ve€ 0]. (10) In the following we calle’ the mirror transition of e in
/\71(M0). Once we have constructéd = U/, (N) , assume
we continue the unfolding until we reach an eversuch that
(i) ¢~ (B)NC # 0 and there exist another evert with the following properties:
(iiy H(C') > H(C)+1 or H(C') > H(C) +1 . if ¢/ belongs ta/,, it is a cut-off event o#/;;
implies ¢=1(y) N C # 0. o [e/]C[e];

For the cas@ = 7, consider the sehax, of configurations o M([e]) = M([e').

from mazoy that contain anj-event. Inspection of Fig. 1 The resulting net, denotetf>(\), is called 2nd order un-
shows that for every, € max,, any extensior, of C, that  f|ging; by iterating the above, one obtains a nested family

One has in the cas¢ = 3 that the conjunction of

satisfies B (Un(N)), e Of n-th order unfoldings
o eitherH(C') > H(C)+ 1 or _ _— .
« H(C') > H(C) +2, Note that the initial definition from [25] used as cutoff eribn

the cardinality, i.e. |[e']| < |[e]|, which would lead to a

contains ay-instance. Summing upy € O is necessary and 7
sufficient forOBS, WOBS, D, andW. shorter_preﬂx in general y_et not guarantee completeneds w.r
computing therevealsrelation below.

2) Fig. 2: Since both cycles in this net can perform an

arbitrary numbe.r. of rounds inde.pendentl_y. of one anom‘?_remma 2 Let R be any prefix of the unfoldingoy . If there
strong observability and strong diagnosability clearliee exist withesses of non-diagnosabilityin R, configurations

that at least one transition out di, 5} and at least one o o ; < (1 9} such that the left hand side of (7) holds,
transition out of{~, 6} bg in 0. For weak obs_grvabmty, itis pit k! %4 1, thenx), ks can be chosen maximal fap V.
both necessary and sufficient that one transition oytof3}

or one transition out ofvy,§} be in 0. Supposing, as in the  Proof: By assumption, there exigt) C/’ such thatC; C
above discussion, that is the fault transition, having € O ¢/ C C! (thus C/ ~o C! and C{ ~o C%) and (i) a
is clearly sufficient to diagnose. In fact, it is not necessary maximal configuratior€!” of ON such thatMc, = Mcy, i.e.
to havea, 3, or n in O for detecting~'s occurrence since Cy,CY,Cy",Cy’ are witnesses of non-diagnosability. O
the number of occurrences of gives sufficient information  We have:

under the progress assumption :difoccurs only once, then

~ has not occurred ; in all other cas&spccurs more than Theorem 2 For a given netN = (P, T, F), there exists a
once, andy must have occured. Note that this net, witlinite numberZ = Z(N') such that for any 1-safe marking



My C P of N, the Z-th prefix Rz of the unfolding of

N = (N, My) is sufficient to verify (strong or weak) diag- e
nosability: if there exist anyCy,Ci,Cs,C5 such that (7) is
violated, one can choose them with this property such that

max(H(C}), H(C})) < Z. [a] LBJ

Proof: Let A C Con(N) be a~p-equivalence class. We say
that A is reducibleiff for all C € A, there existCq,Cs,C3
such that(i) H(Cz) > 0, (ii) C = C; o Co o C3, and(iii) for all

i € N, Cy0ChoC3 CL(N); call A irreducible otherwise.
Since K < oo, the result follows from Lemma 2 with the
pigeonhole principle once the following claim is provede
numberJ of irreducible ~ o-classes of\ is bounded above
by 2% For this, note that the heigit(C) of any configuration
C € L(NV) that does not contain two comparable markings, i.e.
such thatC; C Co C C and Mg, = Mg, imply C; = Co, is
bounded above by. Thus all A such that

ﬁ(A) 4 inf{ﬁ(C) | Ce A} Fig. 3. On the relation-
Finally, the number of configurations of height or less is
bounded above bg¥, so we are done. O Definition 7 For a nodez € (B U E), the conflict setof

The upper bounds on the size of the complete prefix aiedefined as#[z] £ {2’ | z#z'}. Theroot conflict setis
far from sharp;R* can be chosen moderate if there is a higbiven by#,[z] £ {y | 2#y A V 2 : 2 < y = —(z#1)}; the
degree of parallelism i\ and no excessive branching. Thesymbol#,, [e] is borrowed from [1] where it denotes immediate
efficiency of diagnosability checking thus requires a aarefconflict in event structures. Noderevealsy, written z >y, iff

choice of prefixes; see [6], [20]. #[x] D #[y]. Therevealed rangef z is v[z] = {y | 2 > y}.
One obtains thus the following algorithm for checking weak i _ ) .
diagnosability of\" = (P, T, F, My): One immediately checks thatis reflexive and transitive.

(A) Compute a complete prefiR* as above, and its set
mazroy = Q(R*) of maximal configurations.

(B) For any pairCy, C5 of maximal configurations such that TEwWw = YEw (14)
C1 ~o Cq, check whether there exig} C C. such that
Ci~o Ci, Me, = MC{ and(C,; ECi

Lemma 3 z > y holds iff for all runsw,

Proof: If z € wandy ¢ w, there exists a node e #[y]Nw;
in fact, otherwisew U [y] would be a configuration, and
could not be maximal. Ifs >y, thenz € #[z] Nw, which is
VI. THE RevealRELATION impossible, so we must havez>y). ConveLsLIy, suppose that
In the above discussion, we use implicitly reasonings of thig4) holds for every; then there exists such thatz#y and
form ’if 2 occurs, theny has already occured, or will OCCUr—(z#z). But then there exists a run. such that:, z € w., but
eventually’, in the sense that any infinite run that containg, assumptiony ¢ w., hence (14) is violated fap. . O
z also containsy. Under progress assumption (see above), Relation> is asymmetric: in fact, in Fig. 5 (left) we have
this means thay is inevitable givenz. In the context of the 1> f but ~(f>h). On the other hand is not a partial order:
occurrence net in Fig. 3, it is obvious that, for any wn  considere > f and f > e. However, the following holds:
kew = ccwsbew; (11) Lemma 4 z < y implies thaty > z.
in fact, (11) reflects the inheritance gf under<. But one

also obtains the following facts in Fig. 3: Proof: = <y = #[z] C #y] by #-inheritance. .

As a consequence, we have:
acw <— -(bew)<—=cew (12)
eCw = fcuw; (13) Lemma 5 »[z] is a configuration.

the reader is invited to check that (12) and (13) follow from Proof: Since[z] C v[z] by Lemma 3, we have, C >[z];

the maximality of runs. Now, the inheritance of conflict ajonthus Lemma 4 implies the result. O
causality relations is not sufficient to derive (12) and (13) The following result shows that in order to decide whether
S0 one might suspect that, to obtain (12 and 13) from the> y, it suffices to know# ,[z] and #,[y]:

relational structure, one would have to explore the enéteos

configurations. However, we will show here that it suffices tbheorem 3 #,[z] generates#|z] through inheritance:

consider an auxiliary relation, computable from thaelation . Dy
in a finite bounded prefiR of the unfolding. To start, let us #lal = Azl yestulels y<zh (15)
define: As a consequence; > zp iff #,[z1] D #,[z2].



Proof: The inclusiog#[z] D {z | 3y € #.[z] : y < 2}
being obvious, it remains to show

#z] C {z]3ye#ual: y<s}.

Take anyy € #[z]\#,[z]. Sincez#y, there exist a condition
b, and events;, y; such that(i) z; # yy; (i) b1 € *21N°y1;
and (iii) ; < z andy; < y. We will now inspect a family of
nodesy,,, starting withn = 1: Let n > 1. If y,, € #,[z], we
are done; otherwise there exist, ; € B andx,41, ynt1 € F
such that(a) z,+1 # Ynt1; (B) bpt1 € *Tpg1 N *Ynt1; (C)
Tpt1 < ¢ and y,11 < yn. If we find recursively infinitely
many suchy, o, . .
1, sincey > y; > y2 > ... There thus exista € IN such that
yn € #u (1], proving (16).

(16)

O

Fig. 4. Top: a safe Petri net; bottom: a prefix of its unfoldieghibiting an
infinite root conflict set.

So far we were able to reduce the computation ofréveals

., this contradicts property 3) of Definition

in Up+x-1. If z#y, we are done immediately, taking
as witness. Thus, suppogk, = [z] U [y] is a configu-
ration; by the assumptiorG,, is also a configuration. Let
M,, be the marking generated b§,,. Choosez € F
such thatwit(xz,y, z) holds, and such that’ < z implies
-wit(z,y,2’). Then there existas € F\{z} such thatl)
*un®z # (and2) u < y. C** £ [*z]U[*u] is a configuration
by the choice of: andz. Let M (zu) be the marking generated
by C#*. Then by construction, forr the process label of the
unfolding,

w(z)

—

7(u)

)

and

and M (zu)
C Czy-

(18)

¢ (19)

If max(round(u,2)) > n+ K — 1, the pigeonhole principle
implies that there are two distinct configuratiafis Co of U
such that(1) [z] C Cyy T C1 C C2 T C*, and (2)C1 =
Co. We can then replac€, by a different configuratiorC’
that satisfies (18) and (19), obtained by 'removing’ theisect
C2\Cy; in fact, C’ share<C; with C, but follows the suffix of
C; isomorphic to the suffix o€, in C,. Repeat this surgery
until no such configurations;, Co can be found; the resulting
configurationC’ lies entirely withini4,, . x 1 by the definition
of K. From (18), we also obtain the existence of an ewent
such that

m(e) =m(z) and C' =[e]Uu],

since u lies in C,, and M’ £ M (C') satisfiesM’ — and
M’ . By constructione#z. We claim that

*enN®u = *zN°u. (20)

In fact, suppose there existsc (*e\*z) N *u. By property
(i) of homomorphisms (Def. II), there must existe *zN°u
such thatr(b’) = w(b). Then either(i) b’'#b, (i) b’ < b, (iii)
b < b or(iv) b co b. But (i) implies b’#b; under(ii), there
must exist an event, such thatd! < ey < b, which also
implies b’'#b; symmetrically,(iii) also leads td’#b; and(iv)
contradicts Lemma 1.

Consider now the different possibilities fgr we have that:

o if y#u we are done;

relation to comparison of root conflict sets. These sets ean b * if ¥ < u, theny < =z, contradicting our assumption;

infinite, as the example in Fig. VI showsgt,[z] consists of

o If u <y, we obtainz#y, another contradiction.

all the b-labeled events in the central horizontal axis of théhereforey co u must hold. If we assume now thatty,

figure. However, the relation can be recursively computed,there must exist an event < y such that® e N v # (. By
thanks to the following result; reasoning along the same lines as for (20) above, we obtain

Theorem 4 Denote asround(xz) the smallestn such that (21)
= belongs tolf,,(NV), and as K the number of reachable as a consequence#y, contradicting our assumptions. There-
markings of V' = (P, T, F, My). Define, for nodes:,y,z, fore ~(e#y), and we are done. O
the "witness” predicatewit(z, y, z) by Lifting > to A: Consider again Fig. 1. Every occurrence of
0 is detected by a prior occurrence @f and by a subsequent
[(z#y) A =(z#2)]. (A7) occurrence of. That s, ifd is a fault event, then it suffices for
Then, withm 2 max(round(z), round(y)), for any two J\/_to be Weakly5-di§gnosab_le_ if eithed or o are observable.
nodesz,y such that—(z > y), there exists a--witnessin This can be formalized asldting of > to the level of\:
Um+k—1, 1.€. a nodez such thatwit(z, y, z) holds.

*en®v *zN°u;

wit(z,y, ) N

Definition 8 In N, transitiont; € T revealst, € T, written
Proof: By the assumptiom(z > y), some node: satisfying t, bu to, iff for all e; € 7 1(ty) there existse; € 7 1(#)
witz,y, z exists; it remains to show that can be chosen such thate; > ey, wheres is therevealsrelation in /().
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We have the following obvious result: x,y € ¢, one hasc >y and y > z. Denote ag)(z) the unique

facet that containg.
Lemma 6 Let O be as above, and € T\ O.

1) If there existst € O such thatt > ¢, then\ is weakly In Fig' 5, the fapets arda,d,c,g}, {b.e,f}, {h}, {]‘?}5
¢-diagnosable, and the right hand side shows the occurrence net obtained by

2) ifforall t € T\ 0, there exists’ € O such thatt’ b ¢ abstracting every facet into a single event. Concerning the
then \ is weakl); observable ' shape of facets, we obtain easily:

However, the converse of statement 1 in len?Ras not true. Lemma 7 Facets are conflict-free.

In fact, consider again Fig. 1. We obtain the following tafole
o . Proof: Supposee; #eq; then #[e1]\#[e2] = {e1} and
by (+at (z,y) means thak by y, and ™' meanse fu y): #[ea)\#[e1] = {e2}, SO neithere; > e Nor ex > e1; e and e

by lalBly|dn|C cannot belong to the same facet. O
a |+ =-]+]=1T=1= More is true:

Bl=T++[-[-1- _

T T =1=T+=1=1- Lemma 8 Facets are convex, i.ec,y € ¥ andz < y < z
S I+l -1+ 1+1=1+ together implyz € .

n |- |t +ti-1+1- Proof: By assumption#[z] = #[y]; by Lemma 4,
ClHl-JHl+]-]+ #[z] C #[2] C #[y] , hencey(z) = ¥(y) = ¥(2). O

Now, let~y be the fault transition; thew is weakly diagnos- . .
able for any choice of O C T\{v}, evenO = 0, since all Lemma 9 For all b € B, b* N(b) # 0= |b°] = 1.

maxima.l runs are faulty. . _ Proof: Suppose|b®| > 1. If b* N (b)) # 0, then
Dwelling on the example a little further , we see that if;(5) contains a conflict pair, contradicting Lemma 8. So
a is the fault transition, then it suffice to have eithee O assumee; € b* N (b)) and e; € b*\1(b). But then

orn € O to obtain weak diagnosabiliy. TheN is clearly ., ¢ #[er]\#[(]b), hencey(b) # (ey), contradicting the
p-diagnosable, yety is not >x-revealed by eitherr or 3. assumption. O

We see that-y gives sufficient criteria for observability and A consequence of Lemma 9 is that maximal nodes in a facet
diagnosability, and allows quick verification of bothpifr has are conditions.
been precomputed offline; on the other hand, it has in general Facets are Abstractions: We observe that the set of

to be checked on a prefix of the unfolding (rather th'én) facets carries an induced event structure:ziebe a node of
whether a particular occurrence of a transitioms revealed ON, let ¢; £ Y(z;), and set

by some observable event.

Y1 # o
VIl. FACETS AND Q-DIAGNOSABILITY Y1 < ¢ = 3y €Y, €Ya (22)

An occurrence neON can be decomposed into equivalence Y.<
classes w.r.t>, calledfacets see Fig. 5. Ui#ot2 = [Ty €1, €Yt yi#y] (23)

In fact, relation<y from (22) is a partial order by Lemma
8; #y is well-defined sincey;, #y. implies z;#z for all z
from ¢y and z from 15, and since facets are conflict-free by
Lemma 7.

One checks easily thapy#vys <g 3 implies ¥ #ys,
and finds thatF = (¥, <y,#yg) iS an event structure in
the sense of Definition 2. In fact, contracting every faget
into single events,, whose output conditions are the maximal
conditions ofy, and whose input conditions are given by the
pre-conditions of the minimal eventsin we obtain a reduced
occurrence neON ,,, see Fig. 5; below we will see that this
abstraction operation preserves and respects runs. Let

W] £ {¥' ¢ <w v}

By Lemma 8, the set union of all facets in)] spans a
configuration ofON; we denote it by

Fig. 5. Left: the example from Fig. 3 with facets highlightedght: the C(v). (24)
occurrence net obtained from the example through facetaatbisin

Theorem 5 wy C U is a run of F = (¥, <y, #v) iff

Definition 9 A facetof ON is a strongly connected compo- Wy = U W (25)
nent ofr, i.e. a maximal set) C (E U B) such that for any Yewe
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is arun of = (F, <, #). In words, ON is Q-diagnosable iff for any two configurations
C,C’ the following holds: if theénevitable common parts C] |
; , X ) or [[C']] of all runs that extend or C’, respectively, produce
w,, according to (25) is a configuration 6f= (F, <,#) by  he same observations and the same marking, they have to be
the above. Suppose,,, is not maximal, and let ¢ w., be 450 fault equivalent. Note that this definition is less iette
such that/¢|Uw,,, is a configuration. Then, by Lemma 3, th§han the one from [15] since it only applies to marking
same is true for alk’ € ¢(e), which contradicts maximality gqyivalent pairs. We observe tha-diagnosability includes
of wy. Conversely, ifu., is a run of€ = (F, <, #), assume pqh diagnosis of the past as 'prediction’ of concurrent or
there exists) ¢ wy such that[y] Uwy is a configuration in ¢,1re events. This notion of diagnosis is thus well adapted
F = (¥, <w, #w); then for anye € ¢, we have thafe|Uwwy 1o asynchronous systems where the the precise interleafing
is a configuration, contradicting the assumption. events is not available; concurrent events will occur and go
unnoticedunlessthey change future branchings.

Verification of Q-diagnosability for ON reduces - under
some simplifying assumptions - to verification of weak diag-

Proof: First, assumey is a run of F = (U, <y, #v); then

Theorem 6 Let ON = (B, E, G,co) be an occurrence net,
and ¥ its set of facets. Sety,, = ¢, and

E, L g, B, 2 coU b | b® N(b) =0} nosability for ON /.
G = {(b¥) € By, x By | b°Nep(b) # 0} Theorem 7 Assume thaO'N and Eo are such that for every
U{(¥,e) € By, x B/, | b*Nep(b) =0} ; facety of ON, [YyNEo| € {0,1}, and thatyNEy = yNEo =

0. Define),, : ¥ — 2 by setting

A : NEop =

Proof: Note that the relation G/, )? coincides with the Ay () = (n(e)) _ v o _ e}

. X ) /v . g 1/) NEop = 0

immediate successor relation ¢f. It therefore remains to

show that Further, let Uy 2 {1) € U(ON) | E, N # 0}. ThenON is
1) ON/,, is a net, and Q-diagnosable for iff ON ,, is weakly diagnosable fop.

2) there IS no backyvard branching; ) Proof: Suppose first thatON is Q-diagnosable forEy
then the induced relations a,,, can be easily seen to agregyng ®,,, and thatON ,, is not weakly diagnosable. Then
with those inF, and we are done. For 1), disjointness and NOBy Theorem 1, there exist configuratiods, Cz,C},C} of
emptyness off,, and b,, are immediate; by construction,meg(ON/w) such that(1) C; # €, andC; C Cl, C C Cb,
Gro S (byy x Byy) U (B, % by,). To s€e 2), assume (o) ¢, ~, ¢, andCj ~o C, (3) C1 = C} andCa =y Cj,
Gy, contains wo arcgey ), , by, ) and(ez/,, by, ) such that pyt (4) ¢} containsg while C; does not. But then the config-
“/e # €2/, Then there mll{St EXI.St (IWN) 1 € w(ell) an/d urationsC(Cy),C(C}),C(C2),C(Ch) € Con(ON ,,) according
e3 € (ez) such thath € ef® N e®, and moreover; # e; g [ emma 10 constitute a counterexamplealiagnosability

since facets are pairwise disjoint by construction; butnthgy N . The reverse implication follows from Lemma 10.
ON contains already a backward branching, a contradiction. 0

_ o _ _ = Note that the assumption of only one observable event per
Q-Diagnosability: With the same setting and notationsfacet is made here only to make the presentation simplengin t

ThenON,, = (B, E/,, G/, ,co0/,) IS an occurrence net.

define thepro-coneof a nodez € EU B as general case, a more sophisticated labelling must be dkvise
Mz]] 2 C((2)); (26) SO that a generalization of Theorem 7 can hold, see [16].
Depending on the particular net under study, the facet net
the closureof a configuratiorC is defined as can be considerably smaller than the original unfolding; in
ey 2 U 2. 27) some cases, it might be efficient to synthesize a generating

Petri net from the quotient unfolding, and perform the diagn

sis (or other analysis) on that net rather the original one. W
ConfigurationC is closediff [[C]] = C. Note that[[C]] think the tradeoff between this offline effort and the online
coincides with the Configuration obtained by intel’sectilﬂg Ebomp'ex“:y should be We|ghed Carefu”y' as some nets will

runs that extend’. One obtains closed configurations @V allow great reductions and speedup by quotienting, white fo
as the configurations of ttfacetevent structur¢V, <w, #w):  others there is no gain at all.

zeC

Lemma 10 The configurations ofON ,, correspond one-to- VIIl. CONCLUSION

one to the closed configurations GIV. We have shown how the problem of diagnosability splits

We are now ready to give the definition @-diagnosability into several variants in the context of true concurrency in
asynchronous systems. Characterizations of weak andgstron

Definition 10 If ON satisfiesSWOBS w.rt. Eo, then is O- diagnosability have been given. Investigating the refeatio
diagnosablen.rt. ¢ iff for all configurationsC, ¢/, structure of occurrence nets, for the purpose of finer anal-
ysis of observability and weak diagnosability, has lead us
[[CT] ~o [[C']] } = [[C]] =4 [[C']]. (28) to the revealsrelation > and the associated decomposition

A TICT = [TCT of occurrence nets into facets. We have seen thatan
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be effectively computed on sufficiently large prefixes, and9] S. Jiang, Z. Huang, V. Chandra and R. Kumar. A Polynorfiahe

that facets are adequate abstractions for preserving nah

nonsequential behaviour. The analysis of the nets obtdiged
facet abstraction, and their properties in terms of diagnis [21]

an interesting new field. As noted above, knowledge of facets
allows forpredictioninto the future. Obviously, the prognostic

Xim

[20]

22]

capacity of diagnosis usingN ,, depends directly on the [23]
size of ON’s facets: the gain will thus be strongest in systeni34l

with a high degree of concurrency and a low to moderat[§5

degree of branching. It remains to optimize the exploratibn
the data structures d@f(N) and ¥ for efficient verification
of diagnosability. Computing the-relation is polynomial in
the size ofi(N); on the other hand, the worst case size g£7]
Us(N) is exponential in the size d?. However, many systems
for which modeling with Petri nets is well suitable - namel
highly distributed and asynchronous systems -, generaldy [29]
an order 2 unfolding of reasonable size.
Generally speaking, strong diagnosability is a notion inhe

ited from sequential systems, while weak diagnosabilitgt ams1]
Q-diagnosability are genuinely asynchonous properties wi
no sequential equivalent. The link between weak diagnésa
ity and Q-diagnosability is explicited by Theorem 7.
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