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Abstract. In this paper, we study the fault diagnosis problem for distributed discrete event systems.
The model assumes that the system is composed of distributed components that are modeled in
labeled Petri nets and interact with each other via sets of common resources (places). Further, a
component’s own access to a common resource is an observable event. Basedliagrtbser
approach proposed by Sampath et al, a distributed fault diagnosis algorithm with communication

is presented. The distributed algorithm assumes that the local diagnosis process can exchange mes-
sages upon the occurrence of observable events. We prove the distribute diagnosis algorithm is
correct in the sense that it recovers the same diagnostic information as the centralized diagnosis
algorithm. And then, the OBDD (Ordered Binary Decision Diagrams) is introduced to manage the
state explosion problem in state estimation of the system.
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1. Introduction

Fault detection and isolation is an important task in the automatic control of large complex
systems, due to its importance in terms of safety and efficiency of operation. A variety of
complementary approaches have been proposed, based on the level of detail chosen for
the model of the system and the kinds of faults that need to be diagnosed. In this paper,
we consider the technological systems that can be modeled at some level of abstraction as
discrete event dynamic systems. We follow an event-based approach proposed by Sam-
path in (Sampatlet al., 1995; Sampatlet al, 1994), namelydiagnoser approachand

extend it to deal with distributed discrete event systems.

“This work was supported by NSFC of China under Grant 60074012 and by the National Fundamental
Research Funds of China under Grant G1998020310.
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In diagnoser approachfaults are modeled as unobservable events, namely, events
whose execution can not directly detected by the sensors. A failure is said to have oc-
curred in system if these special events, fault events, execute. Fault diagnostic is to detect
the execution of fault events and identify their type or origin. @ilagnoseiis constructed
based on the system model to infer the execution of fault events from the system model
and future observations of the evolution of the system (Samgtaéth, 1995; Sampath
et al, 1994). However, for the large-scale distributed complex discrete event systems,
such as communication networks and power systems (Benveniste2003; Pencolet
al., 2002; Genc and Lafortune, 2003), the diagnosis is often made more complex by the
need to construct a global model of system behavior and estimate global state of system
on-line.

The discrete event systems considered in this paper are assumed to be composed of
distributed components that are modeled in labeled Petri nets. One aspect of these systems
is the presence of common resource. The different components of systems interact with
each other via sets of common resources, i.e., the tokens in common places for the Petri
net model. Each component’s overall behavior is expressed in terms of its own behavior
and its interactions with other components (Benvenggtal, 2003; Ricker and Fabre,
2000). Our purpose is to propose an effectively distributed fault diagnosis algorithm for
these systems.

Previously, the diagnoser approach is extended to Petri net model and a distributed
diagnosis algorithm is proposed. However, the communication protocol in (Genc and
Lafortune, 2003) is complex and the length of message exchanged between different lo-
cal diagnosis processes is unbounded. In this paper, we improve the algorithm proposed
in (Genc and Lafortune, 2003) and present a new algorithm of distributed diagnosis with
communication. The communication protocol of our algorithm is much simpler and the
length of exchange message is bounded. We also prove our algorithm is correct in the
sense that it recovers the same diagnostic information as the centralized diagnosis algo-
rithm.

Furthermore, diagnosing complex discrete event systems implies finding a set of be-
haviors that could explain the observation of system in a very complex state space. There-
fore, the diagnosis problem is strongly linked with the well-known state explosion prob-
lem, which essentially comes from the fact that the system evolves in a concurrent way.
Then, computing the diagnosis can be a very complex task, and the solution can be very
big and can not be easily analyzed. In order to manage the state-explosion problem, the
Ordered Binary Decision Diagram (OBDD) is introduced in this paper to apply for fault
diagnosis. OBDDs have the capability of representing large sets of encoded data with
small date structures and enable the efficient manipulation of those sets. OBDDs pro-
vide a symbolic representation for Boolean functions in the form of directed acyclic
graphs (Bryant, 1986). Bryant described a set of algorithms that implement operations
on Boolean functions as graph algorithms on OBDDs. Taking advantage of the efficient
symbolic manipulations, researchers have solved a wide range of problems in hardware
verifications, testing, and real-time systems. It is also used to analysis the properties of
bounded Petri nets (Pastetral, 2001). In this paper, we firstly present the model and dy-
namic behavior of system using OBDD. And then, distributed fault diagnosis algorithm
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based OBDD is proposed to manage the state-explosion problem for state estimation in
diagnosis process.

2. System Model and Centralized Diagnosis Algorithm

In this section, we define the system model for distributed discrete event systems and
briefly present the centralized diagnosis algorithm by extendingitnoserapproach.

2.1. System Model

A Petri net graph is a weighted bipartite graph, defined as a 4-tuple (Murata, 1989; Cas-
sandras and Lafortune, 1999; Genc and Lafortune, 2003)

N = (P,T,1,0),

where P andT are finite sets respectively for places and transitidns) T = ¢ and
PUT # ¢;I: PxT — ZandO: T x P — Z are the input and output maps
respectively;Z is the set of non-negative integers.

The state of Petri net graph is a mappinigP — Z. A state is represented hy =
[(p1), 2(p2),- .., 2(pn)], wherepy,pa,...,p, is an arbitrary fixed enumeration &t
andn is the number of elements iR. A Petri net is a pai{N, zo), whereN is Petri
net graph and is the initial state. The state space(df, =) is given byX = Z" and
o € X. We denote the state transition functionfasX x 7' — X. The state transition
function is defined for state and transitiont € T if (¥p € P)[z(p) > I(p,t)], where
I(p,t) is the input map fromp to ¢. If f(x,t) is defined, then we set = f(z,t), where

2'(p) = x(p) — I(p,t) + O(t,p), for all pe P.

Here,O(t, p) is the output map from to p. Extend the state transition functighfrom
domainX x T to domainX x T*:

f('r7€) =Z,
f(z,st) :== f(f(z,s),t) forseT*andteT,

wheres is to be interpreted as the absence of transition firingiahdenotes the Kleene-
closure ofT". The set of reachable state for Petri (bt z) is denoted byR(N, xy).
A labeled Petri net is defined as

G = (Na Ev la x(])a

whereN = (P, T, I, O) is the Petri net graph ang is the initial stateX is the finite set
(alphabet) of events ande X is the empty wordl: T — X is the labeling function that



434 F. Xue, L. Yan, D. Zheng

assigns an event to each transition and can be extended to mappirg-* in the usual
way, whereX* is the Kleene-closure of.

The discrete event systems considered in this paper are modeled in labeled net
G = (N,X%,1l,x0), whereN = (P,T,1,0) is the Petri net graph of the system and
xo IS the initial state of the system. We assume the discrete event system to be com-
posed ofk distributed components that interact with each other via sets of common
resources. Each component 1,2,...,k is formally modeled as a labeled Petri net
G; = (Ny, 2, 1;, x0;), WwhereN; = (P;, T;, I;, O;) is the Petri net graph for component
1 andzo; = zo(F;) is the initial state. It is assumed that the following conditions are
satisfied:

1.T=UT;, ¥=U%; andforany: # j, T, NT; = ¢ and¥; NX; = {A};

2. P; = Uger, ("t Ut") forany component=1,2,..., k;

where*t := {p € P: I(p,t) > 0} andt* := {p € P: O(t,p) > 0} are the predecessors
set and successor set of transittaespectively;, O; andl; are the restrictions of, O
andi to P; x T;, T; x P; andT;, respectivelyz; is the initial state of componentand
it is hold that for any € P, N P}, zo;(p) = zo;(p), Vi, j =1,2,..., k.

The corresponding Petri net graph and N; have disjoint sets of transitions. How-
ever, the sets of places are not disjoint, i.e., there are common resources (places) for
different components of the system. For the common places, each component has the
same initial state. Furthermore, for each component of the system, the transition set is
partitioned ag; = T,; U Tyo; andT,; N T,0; = ¢, WhereT,; andT,,; denote the set of
observable transitions and the set of unobservable transitions of compoagmectively.
LetT}; C T; be the set of failure transitions of componénwhich should be diagnosed.
Without loss of generality, we assume tigt C T,,,;. A transitiont is labeled with\
if and only if ¢ € T;,,;. Similarly to (Genc and Lafortune, 2003), we assume that for any
component of the system, it satisfies the following condition:

Assumption C. vVt € T;, if 3j = 1,2,...,kandi # j, ("t Ut*) N (P, N F;) # o,
then the transition is observable, i.eg T,;.

The condition says that transitions putting tokens in or removing tokens from common
places are observable, i.e., any transition generating or consuming common resources is
observable.

Fig. 1 illustrates a simple example of distributed discrete event system (Benveniste
et al, 2003). The distributed system is composed by two components, component 1 and
component 2. The components are modeled in labeled PetrGhets (N;, X;, 1;, xo;),

1 = 1,2, and interact with each other via the common places, plaead place;. Here,
N; = (P, T;, I;, O;) is the Petri net model for components dhd= {t¢1,t2,t3}, To =
{ts,t5,t6}, Pr = {p1,p2,p3,p7}, P2 = {p4,DPs5,p6,p3,p7} are the sets for transitions
and places of each component respectively. For component 1, the set of Byeats
{B,A\} andly(t1) = l1(t2) = B, L(ts) = A, i.e., transitionty, t2 is observable and
transitionts is unobservable. Similarly.o = {a, A} andiy(t4) = l2(t5) = «, la(tg) =

. Transitionts andtg are the failure transitions for each component to be diagnosed.
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coamponent 1

Fig. 1. Example of distributed discrete event system.

2.2. Centralized Diagnosis Algorithm

We briefly present the centralized diagnosis algorithm for discrete event systems modeled
in labeled Petri nets. The detail for the algorithm is referred to (Genc and Lafortune,
2003).

Firstly, we define the state; of fault diagnosis by labeled each state of system with
diagnostic information as follows

Tq = (xvlf)a

wherex = [z(p1), 2(p2), . ..,x(ps)] € X is the state of system modeled in labeled Petri
netand fault label; € A = {0,1}™ is the diagnostic information labeled with each state
of system. The fault label is a vector of length(the number of failure transitions) which
has entries of “0” or “1”. When the fault label is the “zero” vector, we say that the fault
label is “normal”. The initial state has the “normal” fault label by definition. ket X,

ly € Aands € T*. Then, the propagation function of fault lab&l X x A x 7" — A

is defined as

L(z,lp,s) =1y + (Zbé)
i=1

whereb; € A and

b [07”.’0717?'1'1”1 ...... ,0] if s contains f; € Ty,
[0,...,0,0,0......... ,0] otherwise.

Now we present the centralized diagnosis algorithm as follows (Genc and Lafortune,
2003).

Centralized Diagnosis Algorithm. Given the observable event sequence=
000103 . ..0pn, Wherels| =n+ 1ando; € ¥ — {A},
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1. Initialize the algorithm := 0, (x,lo; = 0™). Estimate the initial possible state
of system as follows

e = {(z,lp)|Fs € T* Nl(s) = A, z = f(20,8), Iy = L(zo,los,8)}. (1)

Heres can be empty.
2. Upon observation of;, do

2.1. Compute the estimation as follows

& ={aly=(2',ly) | St T AIt) =0y,
(z,lp) € ' N2’ = f(z,t) is defined. 2

2.2. Compute the possible state of system as follows

et = {ag= (2, 1})[3s € T* Al(s) = A,
x,lp) €&, o' = f(x,s), I} = L(z,ly,s)}. (3)

Heres can be empty. Failure transitiofy € 7 is said that has occurred if
and only ifl;(i) = 1 for anyz, € e’ 1.
2.3. Increment.

3. Distributed Diagnosis with Communication

In this section, we study the problem of distributed fault diagnosis for discrete event sys-
tems. We define the distributed diagnosis algorithm with communication between each
component of the system. We assume that the message is transferred between the com-
ponents correctly and without delaying and prove the distribute diagnosis algorithm is
correct in the sense that it recovers the same diagnostic information as the centralized
diagnosis algorithm. A simple example is given in this section to illustrate how our al-
gorithm running. The example is also used to demonstrate the improvements over the
previous algorithm in (Genc and Lafortune, 2003).

3.1. Algorithm of Distributed Diagnosis with Communication

For any componer®; = (N;, X;, 1;, zo,;) of the system, we can define the local diagnosis
process using the centralized diagnosis algorithm defined in the previous section. How-
ever, if the local diagnosis processes work in isolation, the individual estimates of local
process cannot provide enough information for diagnosis because the common resources
(places) of any componend; are influenced not only by its own transition, but also by

the transitions of other components. Therefore, we overcome this problem by defining a
communication protocol between local diagnosis processes. This protocol recovers the
centralized diagnosis information by allowing the local diagnosis processed to send each
other the change of tokens in the common places.
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Here we consider the case when= 2, i.e., the system has two componént and
G». Assuming that the two components have common places P, N P, and|P.| = r,
we define the state of local diagnosis process by extending the state of diagnosis, which
defined in the previous section, with the message exchange with the other local diagnosis
processes. For a given componéht= (N;,;,1;, z¢:), i = 1,2, the stater’, of local
diagnosis process is defined as follows:

wherez; is the local state of the component alrjads the fault label. Message lab@f, ),

(I¢,)n andly, € Z" represent the influence of common places between two components.
The fault label and message label of the initial state are defined to be “zero” vectors. And
then we define the algorithm of distributed diagnosis with communication as follows.

Distributed Diagnosis with Communication. Given the observable event sequence
$ = 000102 ...0,, Wherels| =n + 1 ando; € ¥ — {\},

1. Initialize the algorithmi := 0. Estimate the initial possible state of each component
as follows:

e = { (@15 Un)ps (s ) 135 € TF Ali(s) = A,

Tl :f(l'()l,s), l}”:L(xOIal(l)fas)}v (4)
ey = {(ﬂcml?, B )ps (Gm)ns lom) [T € T3 Ala(s) = A,
22 = [(202,5), 1§ = L(zoz, iy, 5) }. (5)

Heres can be empty.
2. Upon observation of;, do {if o; € 1, then go to 3, else go to 4}.
3. {Master is the diagnosis process of component 1}.

3.1. Compute the estimation of component 1 as follows

az{wwf@»<¢mmﬂﬁeﬂAm>—%
(1‘1, }”a (lm) )
(I = ()

L)ns12) € € AN = f(xy,t) is defined.
1

(
() = (e = I(Po) + O(t, P) . (6)

3.2. Compute the possible state of component 1 as follows

e = (@ @) Wh)ps () )35 € T Ali(s) = A,
3(1‘1,[]10, (l71n)177 (ll )’ﬂ?lm) € 61’ 'rl = f(.%‘l,S),
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Here s can be empty. Failure transitiofy € T} is said that has occurred if
and only ifi}(i) = 1 for anyz} € "'
3.3. Send anessage¢o the diagnosis process of component 2:

messagezz{((z}n)p,(zl Vs 12) B (w1, 1k, (15, (12, )mzfn)eegﬂ}. 8)

3.4. Upon reception of this message, set of possible state of component 2 update
as follows:

5™ ={(h B, () (20 (13)) 13U () lm) € message,
El(x%l)%a(l?n)pv(lgn) = lgrwlfln = l P) € 6 2 (ll)
Th(Po=Pe)=w2(Py—P.), ah(Pe)=a(Pe) - <l> <m>} (©)

3.5. Increment.

4. {Master is the diagnosis process of component 2} Same as 3 but change 1 and 2 in
every expression.

REMARK. For the previous distributed algorithm in (Genc and Lafortune, 2003), mes-
sage label,, of statez’, = (;, lf, m) 1S defined as the change sequence on common
places, i.e., it € T is defined atr;, the message label propagates as follows:

I; = f(ZCL,t) (l;)/ = L(Iq',, l;f,t) and( m) = [lma O(t7PL) - [(Pwt)] :

Hence, the size aihessagdabell,, will grow up unbounded along with observable
events sequence. We will compare it with our algorithm detailed in Subection 3.3 using a
simple example.

3.2. Recovering the Diagnostic Information of Centralized Algorithm

We show how the distributed diagnosis process with communication represented in the
previous section can recover the state of centralized diagnosis process and prove the cor-
rectness of the algorithm of distributed diagnosis with communication by showing that it
reconstructs the state of centralized diagnosis process after each observable event in the
given observed sequence.

At the end of completion of the distributed diagnosis process for an observable event
in sequence, let; ande’, be the possible states sets in the diagnosis process of component
1 and 2, respectively. We define the 8étrge(et, e}) as follows:

Merge(el, ;) = { (21(P)w2(Py = Po), 113) 13(21, 1, () (s 12,) € e,

(x2vlf" (l?n)p’ (l2 )nvlm) € 62 and Zl = (ll )nalr2n = (lzz)n}
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Lemma 1. For algorithm of distributed diagnosis with communication, if there exist
(a:l,l}, (L) WEVns 12)) € €l (m2,13, (12)p, (120, 11,) € € that it is satisfied that
1L = ()0, 12, = (I2,)n, thenitis hold thatr; (P.) = x5 (P.).

m

Proof. It is easy to prove by induction using Egs. 7 and 9. Thus, the detailed proof is
omitted here.

Hence, the setlerge(et, e4) can equivalently be defined as follows:

Merge(eia 812) :{('Tl(Pl - Pc)x2(P2)a l}‘ﬁ”) |E|($13 ljlfv (l71n)p7 (lTln)’fw l72n) € 637

(1‘2, l?”? (lrzn)pa (lrzn)mlrln) Eeé andlvln = (lrln)nv l72n = (17271)71}(10)

We prove the possible states set of centralized diagnosis preiceas be recovered
by the setMerge(el, e).

Theorem 1. Given the distributed syste@and G, G,. Given an observable sequence
s = 0go109...0, and the possible states, ei and e}, are defined as above. Then,
e' = Merge(el, eb).

Proof. We prove the theorem by induction.

Induction Basee? = Merge(e?, e9).

Proof (of Induction Basg The initial state of centralized diagnosis process is
(w0, loy = 0™). From Eq. 1, we know thatr, ;) € €° and

z = f(xo,5) = {@o + W(s),l; = L(zo,los, )} (11)

s =tity...ts € Ty, andf(xo, s) is defined W (s) = ZLil O(t;, P) —I(P,t;). Since
addition is component-wise, Eqg. 11 can be separated into two equations as

z(P1) = zo(P1) + Wp,(s), (P2) = z0(P2) + Wp,(s). (12)

Based on the definition of distributed systemg, = xo(FP1) andzos = xo(FPz).
Thus, from the definition of distributed systems and assumjflghat unobservable
transition dose not influence the common place, we have

(£C1 = *T(Pl)v l} = (lf)Tf17 (lém);m (Zém)nvlgm) € e(lJ and
(xQ = £E(P2), l)% = (lf)szﬂ (l(z)m)P? (lgm)ZH l(l)m)) € 6(2)' (13)

Here, (I{,,))n = b = (B)n = 3, = 0", r = |P.|. Conversely, ifz} € ¢ and
z2 € €9, then we have that/erge(z), 2) € €.

It should be noted that; (P )z2 (P — P.) = 1 (P1 — P.)x2(F2), since unobservable
transition dose not influence the common places.
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Induction Hypothesis’ = Merge(e}, eb).

Induction Stepe’*! = Merge(eit, eSt).

Proof (of Induction Stejp Without loss of generality, we assume thatc ¥, — {\}.
The proof will be done by showing inclusion in both directions for these two sets.

(<) If (z,l5) € 't then from Eq. 2 and 3 we know that there exist, /) <
e',t €Ty CT,li(t) =1(t) = o; ands = t1t5 .. .1, € T, it holds that

x = f(z',ts) = 2’ + W (ts) is defined andy = L(f(2',t),1},s). (14)

Heres can be empty. Since addition is component-wise, Eq. 14 can be separated into two
equations as

x(Py) =2 (P1) + Wp,(ts), z(P2) =12'(Py) + Wh,(ts). (15)
From the induction hypothesis, we have

(x/l = .I/(P1), (l})/ = (l})Tflv (l’}n);ﬂ (l71n){m (l?n)/) € eli and
(25 = ' (P2), (13)" = ()1 () (U )1s (13,)') € €. (16)

Here, (11,)!, = (IL) and (I2)),, = (12,) € Z",r = |P.|. Based on Egs. 5, 6 and
assumptionC' that unobservable transitions dose not influence the common places, we
have

(xlv l}, (lrln)P = (lrln)/na (lrln)n = (l}n); —I(Pe,t) + O(t, Pe), (l?n)/) € elfrl' 17)

Here,z; = x(P1) andl} = (If)1,,.

By removing all transitiort; € 7' from the unobservable sequence: t1t; .. .1, €
T;,, we have a transition sequenge= t3,t3 .. .7, € T;,,. With assumptiorC' that
unobservable transitions do not influence the common plgces$, s’) is defined. From
Egs. 16 and 7, we have

(@5, (13)", () () (1)) € €. (18)

Here,z}) = f(x},s') and(l?)” = L(x%, (l?c)’7s/) = (If) 1}y

When the message is sent from the diagnosis process of component 1 to the diagnosis
process of component 2(1.,),, (I11,)n, (I2,) € message from Egs. 17 and 8. Since
(1E), = (L), = (1L,) and(i2)) = (12, from Eq. 9, we have

n?

(x27 (lf)Tf27 (17211);;7 (lgn);w (lrln)n) € €§+1. (19)

Here,zo =z — (I1), + (I1,)n = 24 — I(P.,t) + O(t, P.) = z(P%).
(=) Itis similar to the proof of the converse statement proved in detail above, but the
steps are followed in reverse order. Thus, the details of the proof are omitted.
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3.3. A Simple Example

Consider the distributed discrete event system given in Fig. 1. In this section, we will
use it to illustrate how the algorithm in above section running. We will also compare the
algorithm given in Subsection 3.2 with the previous distributed fault diagnosis algorithm
in (Genc and Lafortune, 2003).

Assuming the initial state for system is

1’0(]31,]32,]33,}74717572967]97) - (]-a Oa 0, 1707 Oa 1)

Assume the sequence of observable eventjs. t3, ts are the failure transitions to be
diagnosed. Using the centralized diagnosis algorithm, the estimation set of possible states
is given as following:

e’ = {(1,0,01,0,0,1:0,0)},

e! ={(0,1,1,1,0,0,0:0,0); (1,0,1,1,0,0,0:1,0);
(0,1,0,1,0,0,1:0,0); (1,0,0,1,0,0,1:1,0)},

e? = {(0,1,0,0,1,0,1:0,0);(1,0,0,0,1,0,1:1,0);
(0,1,0,1,0,0,1:0,1);(1,0,0,1,0,0,1:1,1);
(0,1,1,0,0,1,0:0,0); (1,0,1,0,0,1,0:1,0);
(0,1,0,0,0,1,1:0,0); (1,0,0,0,0,1,1:1,0) },

e* = {(1,0,0,0,1,0,1:1,0); (0,1,1,0,1,0,0:1,0);

1,0,1,0,1,0,0:1,0); (0,1,0,0,1,0,1:1,0);
1,0,0,0,1,0,1:1,0);(1,0,0,1,0,0,1:1,1);

b

(

(
(0,1,1,1,0,0,0:1,1);(1,0,1,1,0,0,0:1,1
(0,1,0,1,0,0,1:1,1

(

)
)
)
)
)
)

1,0,1,0,0,1,0:1,0);(0,1,1,0,0,1,0:1,0

) b

( )
( )
( )
:(1,0,0,1,0,0,1:1,1);
( )
( )

(1,0,0,0,0,1,1:1,0); (0,1,0,0,0,1,1:1,0)}.

)

Using the distributed diagnosis algorithm, the initial states for each component are

2o1(p1,p2,p3,p7) = (1,0,0,1) and xo2(p4, ps, ps, p3,p7) = (1,0,0,0,1).



442 F. Xue, L. Yan, D. Zheng

The estimation set of possible states is given as following:

e9={(1,0,0,1,:0,:0,0,:0,0,:0,0)} and
e9=1{(1,0,0,0,1, :0, :0,0, :0,0,:0,0) }.

While observe the evert,

et = {(0,1,1,0,:0,:0,0,:1,-1,:0,0); (1,0,1,0,:1,:0,0, :1,—1,:0,0);
(0,1,0,1,:0,:0,0, :0,0:0,0); (1,0,0, 1, :1,:0,0,:0,0:0,0)}.

Send anessag¢o the diagnosis process of component 2,

message(1) = {(0,0,:0,0, :0,0); (0,0, :1,—1,:0,0) }.

The estimation set of possible states of component 2 is updated as following,

es = {(1,0,0,0,1,:0,:0,0, :0,0, :0,0); (1,0,0,1,0, :0, :0,0, :0,0, :1,—1) }.

Similarly, the second observed eventishence

e3 =1(0,0,1,0,1,:0,:0,0, :0,0, :0,0); (0,0,1,1,0, :0, :0,0, :0,0, :1, —1);
(0,1,0,0,1,:0,:0,0,: —1,1,:1,-1);(1,0,0,0,1,:1,:0,0,: — 1,1,:1,—1)},

message(2) = {(0,0,:0,0,:0,0); (0,0, :0,0:1,-1,); (0,0,: — 1,1,:1,—1)},

e? =1{(0,1,1,0,:0,:0,0,:1,-1,:0,0); (1,0,1,0,:1, :0,0, :1, —1,:0,0);
(0,1,0,1,:0,:0,0,:1,—1,: —1,1);(1,0,0,1, :1,:0,0,:1, =1, : — 1,1);
(0,1,0,1, :0,:0,0, :0,0:0,0); (1,0,0, 1, :1,:0,0,:0,0:0,0) }.

The third observed event j§ hence

et ={(0,1,1,0,:1,:1,—1,:1,-1,:0,0); (1,0,1,0, :1,:1, -1, :1,—1,:0,0);
(0,1,1,0,:1,:1,—1,:2,-2,: —1,1);(1,0,1,0,:1,:1,—1,:2, =2, : — 1,1);
(0,1,0,1,:1,:1,—-1,:1,—1,: — 1,1); (1,0,0,1, 1,1, —1,:1,—1,: — 1,1);
(0,1,1,0,:1,:0,0,:1,-1:0,0);(1,0,1,0, :1, :0,0, :1, —1:0, 0);

(0,1,0,1,:1,:0,0, :0,0:0,0); (1,0,0,1,:1,:0,0, :0,0:0,0) },
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message(3) = {(0,0,:0,0,:0,0); (0,0, :1,—1:0,0,); (1, -1, :1,—1,:0,0);
(1,—1,:1,-1,: = 1,1);(1,-1,:2,—-2,: = 1,1) },
e3 =1{(0,0,1,0,1,:0, :0,0, :0,0, :0,0); (0,0,1,1,0, :0, :0,0, :0,0, :1, —1);
(0,1,0,0,1,:0,:0,0,: —1,1,:1,-1);(1,0,0,0,1, :1,:0,0,: — 1,1, :1,—1)

(0,1,0,1,0,:0,:0,0,: — 1,1, :2,-2);(1,0,0,1,0,:1,:0,0,: — 1,1, :2, —2)}.

It can be determined that the failure transitignhas occurred, because @f(:%) =1
for any x(li € e$. Meanwhile, the occurrence of failure transitignis undetermined.
Comparing the above diagnosis results of centralized algorithm and distributed algorithm,
it can be verified that’ = Merge(ei,eb), i = 0,1,2,3, i.e., the distributed algorithm
recovers the same diagnostic information as the centralized diagnosis algorithm.

For the previous distributed diagnosis algorithm proposed in (Genc and Lafortune,
2003), themessagdabel for stater?, of each local diagnosis process is defined as the
sequence of change for common places, i.e.nthesagefor above example should be

message(l) = {(070)7 (13 71)}3
message(2) = {(0,0, :0,0); (1,—1,:0,0); (1, -1,: — 1, 1},
message(3) = {(0,0, :0,0,:0,0); (1, -1, :0,0, :0,0);

(1,—1,:—1,1,:1,—1);(1,—1,: — 1,1,:0,0) }.

Hence, for anymessagéabel inmessage(k) and stater’, its size will grow up un-
bounded along with observable events sequence. Although it is claimed in (Genc and
Lafortune, 2003) that thenessagédabels can be truncated and the upper bounds on the
size ofmessagéabels can be determined based on the structure of the Petri net, the up-
per bound on the size of message label is not given and the truncation process is very
complex.

Different with the algorithm in (Genc and Lafortune, 2003), we definedhikesage
label as Eq. 8. For local diagnosis process of compoiétit, ), is the totally influence
for component on common places before the observable event(gpy, is the totally
influence for componenton common places after the observable evéntis the total
influence for componentandi: # j. Our results show that the state estimation of local
diagnosis process is independent of the sequence of change for common places, but only
depend on the totally influence for each component on the common places. The size of
messagéabel and states;, are bounded and will not grow up along with the observable
events sequence. Consequently, the complex truncation process also needn’tin the on-line
fault diagnosis processes.
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4. Distributed Fault Diagnosis Using OBDD

As shown in above, no matter the centralized or the distributed algorithm, it is required
to estimating the possible state of system on-line. In large scale and complex systems,
this will result bring forth the state explosion problem. In this section, we introduce the
OBDD method to manage the state explosion problem in diagnosis process.

For a given weighted and bounded Petri net, the set of system states can be encoded
as Boolean functions and be represented using OBDD. Then, the dynamic behaviors of
system can be represented as the operation of Boolean functions using OBDD. A Petri net
(N =(P,T,I,0),z0)is said to be asafe netit P x T — {1,0},0: T x P — {1,0},
and it is holds that:(p) < 1 for any reachable state of the systerdp € P. Here,
we consider case that the Petri net model of the system is safe and briefly represent the
symbolic analysis of Petri net using OBDD. For the bounded Petri net, it is similar to the
safe case studied here. More details for of symbolic analysis of bounded Petri net using
OBDD are referred to (Pastet al., 2001).

Encode StateFor a given safe Petri nétv = (P, T,1,0),z,), the state space is
X = {0,1}". And the fault label with system statelis € A = {0,1}™. Hence, the
state of the diagnosis process= (z, 1) can be encoded as a Boolean function

m |P|—m l [Ty |1 B
F(xq) = sz' H Dj H Uk H Ly, (20)
i=1 =1 k=1 =1

wherexz(p;) = 1, z(p;) = 0, {;(k) = 1 andl¢(r) = 0. A set of states\/ can be encoded
asky = \/M Frd-
S

Td

Encode TransitionGiven a transitione T, the enable function is defined as follows

E=]]» (21)

pE*t

And the transition functiod® = (d1,...6/p0{p| 11, - - O[p4|r,) defines how the
content of each place is transformed as a result of firing at marking in which it is enabled.

The function is defined as follows
1 if (p; et*),
5§(p1...p‘p|l1...l‘Tf|): 0 if (pie*t)/\(piq_ft*), ’izl,...,|P|. (22)
p; otherwise,
And

1 if t=feTy,

¢ = . =Pl +1,...,|P Tel. (2
6 (p1---pply - izy) {li otherwise, i=|P|+1,...,[P|+|Ty|. (23)

Dynamic Behavior of Systerfor a given state sét/ and a given transition the set
resulted after the firing of is

5L (Far o Ey). (24)
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By iteratively using Eq. 24 in bounded steps, we can compute the reachable states set for
the entire system, denoted &s(F;).

An ordered binary decision diagram (OBDD) (Pastbral., 2001; Bryant, 1986) is
a directed acyclic graph (DAG) representation of a Boolean expression. Generally, it is
exponentially more compact than its corresponding truth table representation. There are
many efficient algorithms to perform all kinds of logic operations on OBDD’s. It is well-
known that the problematisfiability of Boolean expressioisNP-completebut for the
OBDD of a Boolean functiofi(x1, 22, . .., z,), denotedD(f), the time complexity of
checking itssatisfiabilityis O(n), wheren is the number of variables. So once the OBDD
of a Boolean function is built, itsatisfiabilitywill be verified in polynomial time. In ad-
dition, the choice of variable ordering of, x», . .., z,, can have a significant impact on
the size of its OBDD. A person with some understanding of the problem domain can
generally choose an appropriate variable ordering without difficulty to build an OBDD
in acceptable size (generally, in polynomial size). Furthermore, if binary encoding is ap-
plied, an arbitrary integer variable can be expressed by an OBDD vector, whose each
OBDD element represents one binary bit of that integer variable. Consequently, any al-
gebraic expression only including integers and integer variables can be represented by
OBDD's.

Based on the OBDD representation of system dynamic behavior, we rewrite the Dis-
tributed Algorithm using OBDD as follows.

Distributed Diagnosis with Communication (Based on OBDD)Given that the ob-
servable event sequenge= ogo105 . ..o, Where|s| = n + 1 ando; € X — {\},

1. Initialize the algorithmi := 0. Estimate the initial possible state of each component

as follows
ef = { (5Tu01 [F(zor, l(lJf)] s (Um)ps Lo )y l(Q)m> }’ @
6(2) = { (5Tu02 [F(.I‘027 lgf)] ) lé'rn? (lg'rn)P’ (ng)n) } (26)

2. Upon observation aof;, do {if o; € X1, then go to 3, else go to 4}.
3. {Master is the diagnosis process of component 1}.

3.1. Compute the estimation of component 1 as follows:
& = Urerinn(=o.{ 0" (Far  B), (U)s () = 1(Pest)
+ Ot P, B |3(Far, (), (s 2) € € . (27)
3.2. Compute the possible state of component 1 as follows:
4 = {000 (Far), () (s B 13(Far, (8 (B)s 2) € 61 . (28)

3.3. Send anessagéo the diagnosis process of component 2:

message i= { (), (s 12,) 13(Far, (), () 12,) € €771} (29)
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3.4. Upon reception of this message, update the set of possible state of component
2 update as follows:

e = {07 (Fn) ) ), ()| 3((Uh)ps (s ) € message,

3(Far = U () (B)n=12) b (1) = (U1)n - (30)

Hered™ = (o77,... OBy O/ Py 410+ -+ 5"’;2‘+|Tf2|) is the transition according

to message defined as follows

I
6" (p1- Pyl Airysy) = 40 ()bt = fl)h = 1, (31)
p; otherwise i=1,... ||,

and
5;"(])1...p‘pz‘ll...l‘TfQ‘)Zli, Vi=|P|+1,...,|P|+|Tf‘. (32)

3.5. Increment.

4. {Master is the diagnosis process of component 2}. Same as 3 but change 1 and 2
in every expression.

It should be noted that here the elementsofand e}, are state sets with message
label. The transition according to message is defined at Eqgs. 31 and 32 to modify the
state corresponding to message.

5. Conclusion

In this paper, we improve the algorithm of distributed diagnosis with communication de-
fined in (Genc and Lafortune, 2003) and apply it to the distributed systems. The new algo-
rithm proposed here has a simpler communication protocol between diagnosis processes
of different components. The size on stafeandmessagexchanged between different

local diagnosis processes is bounded. Moreover, the OBDD is introduced to manage the
state explosion problem in state estimation of system. In this paper, we assume that the
diagnosis process of different components can communicate with each other correctly
and without delaying. A necessary future extension of the algorithm is to tackle with
communication delay and message losing.
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Gedimy diagnozavimas iSsklaidytoje diskr&iu ivykiu sistemoje
naudojant OBDD

Fei XUE, Lu YAN, Da-zhong ZHENG

Straipsnyje nagrislama gedim diagnozavimo iSsklaidytoje diskdie ivykiu sistemoje prob-
lema. Modeliuojant daroma prielaida, kad sistema susideda iS iSskld&idgtponegiu, modeliuo-
jamy zymetais Petri tinklais ir tarpusavyj@sgeikaujagiu naudojantis bendrais resursais. Kompo-
nengs pasinaudojimas bendrais resursais yra stebjgkis. Straipsnyje pateikiamas iSsklaidytos
klaidos diagnozavimo algoritmas, naudojantis praneSimus. 18sklaidytame algoritme skaitoma, kad
lokaliame diagnozavimo procese yra galimrydpsikeisti praneSimais apie tai, kisglko stebimas
ivykis. Irodoma, kad iSsklaidytas diagnozavimo algoritmas teiétip&ia diagnostig informacig,
kaip ir centralizuotas diagnozavimo algoritmas. SupaZindinama su OBDD (sutvarkytomis dveje-
tainiy sprendiny diagramomis), skirtomiertinti sistemos bkle.



