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Abstract— This work is concerned with the analysis of
the on-line identifiability of the Discrete Event Systems
(DES) using Interpreted Petri Nets (IPN). A theoreti-
cal framework characterizing identifiable systems when
only the input and output system’s signals are available
is first addressed. Afterwards, based on this framework,
an algorithm that progressively builds an /PN model
of the system is presented. As a possible application
of the problem herein addressed, the on-line identifica-
tion problem is adapted to address the problem of DES
model validation.

I. INTRODUCTION

Loosely speaking, identifiability[11] is a property of
dynamic systems that allows, through an entity called
identifier, to estimate a mathematical model of the sys-
tem when the input and output system’s signals are
available. In Discrete Event Systems (DES) litera-
ture there exist several works addressing the very close
problem of language identification in the limit[4][1][12],
in which a “correct” automata for a given positive sam-
ple of a regular language £, must be identified. The
automata is tuned every time that a new word of the
positive sample is presented to the identification algo-
rithm.

In [4] Gold addressed the language identification in
the limit to obtain a formal model of human language
acquisition, also he shows that for regular languages
this problem is NP-Complete. Addressing the same
topic, in [1], Angluin proposed polynomial algorithms
for some subclasses of regular languages, those called
the zero-reversible languages. These ideas are extended
in [2], in this work Angluin introduces the query learn-
ing model. In this model, every time that the identi-
fied automata is tuned, a “teacher” presents a counter-
example to the identification algorithm. The counter-
example is a word accepted by the guessed automata
not belonging to the language L, or a word belonging
to L, that it is not accepted by the guessed automata.
Based on this model, Angluin proved that the iden-
tification problem of regular languages is polynomial.
This problem is also addressed in [6]. In this work Hi-
raishi addressed the same problem for the I-reversible
language class. He used Petri Nets (PN) to represent
the language L.
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This work presents a method to build an interpreted
Petri net (IPN) as a model for a DES. It assumes
that the symbols emitted by the DES are available,
but the language L., however, is unknown. The main
contributions of this work are an asymptotic method
to build an 7 PN model of the DES and the application
of this method to the model validation problem.

The proposed method is called asymptotic since the
I PN model is built as the system evolves. The output
symbol sequences are used to determine the net struc-
ture and its interpretation (labeling with input and
output symbols). This approach avoids the NP com-
plete problem found in the techniques that use positive
samples of input languages.

The paper also shows that the asymptotic identifi-
cation is useful to solve the model validation problem.
We use the results of identification for checking the cor-
rectness of a design against a given DES specification
(an PN model). First, a reduced input sequence is
determined from the specification, then it is applied
to the designed DES. The result of the identification
is compared with the specification to determine if the
designed device fulfills the specification.

The remainder of this paper is organized as follows;
section II gives an outline of the used mathematical
tool to model DES: interpreted PN. Section III states
the asymptotic identification problem, the class of sys-
tems that will be studied and the identification algo-
rithm and section IV presents the results for DES val-
idation and gives an illustrative example. Finally the
conclusions and future work are outlined.

II. INTERPRETED PETRI NETS

This section introduces the definition of 7 PN[7] used
in this paper. A good PN survey is presented in [8],
and for details about marked graphs, state machines
and free choice PN, an interested reader can see [9].

Definition 1: An Interpreted Petri Net (/PN) is
the 6-tuple Q = (N, X, ®, A\, D, ) where N = (G, My)
is a PN[5] [8; ¥ = {01,02,...,0,} is the input al-
phabet of the net and o; is an input symbol; ® =
{®1, P9, ..., ¢4} is the output alphabet and ¢, is an out-
put symbol; A : T — 2 U {e} is a labeling function of
transitions with the following restriction: V¢;,t, € T,
j 75 k if I(pi,tj) = I(pi,tk) 75 0 and both )\(tj),



A(tr) # €, then A(t;) # A(tr), where ¢ represents an
internal system event; D : T — T is a feed-forward
function, where T = 7U{e} and 7 C 7. When a tran-
sition t; is fired, then its name ¢; or the ¢ symbol are
given as an /PN output; ¢ : R(G,Mg) — {®U {e}}2
is an output function where R(G,Mj) is the reach-
ability set. The output vector ¢(Mjy) of the net is a
g—entry vector.

Remark 2: In this work (Q, Mp) will be used instead
of @ = (N,%,®,\, D,p) to emphasize the fact that
there is an initial marking in an /PN.

Remark 3: This paper focuses on the case where the
function ¢ is linear and can be represented as a ¢ X n
matrix ¢ = [,;;], where the i —th row vector , is the
transpose of an elemental vector e;, n is the number of
places, and ¢ is the dimension of the output vector.

A transition ¢t; € T"of an I PN is enabled at marking
Mk if Vpl € P, Mk(pz) = I(p“tj) If )\(tj) = ?é € is
present and ¢; is enabled, then ¢; must fire. If A(¢;) =
¢ and t; is enabled then t; can be fired. When an
enabled transition ¢; is fired in a marking Mj,, then a
new marking My, is reached. This fact is represented

as: My, 2t—J> Mypr1. M1 can be computed using the
dynamical part of the PN state equation: My, =
My, + Cvuy,, with C defined as in a PN and vy defined
as: V(1) =04 # 7, v(j) = L.

Note that by definition of A\, IPN are deterministic
[3] over labeled transitions, i.e. two transitions with the
same associated input symbol cannot have the same
input places. However, they can be non-deterministic
[3] over unlabeled transitions.

Definition 4: If A(¢;) # ¢ the transition ¢, is said to
be controllable. Otherwise it is non-controllable.
A place p; € P is said to be measurable if the ¢ —
th column vector of ¢ is not null (i.e. @(e i) £ 0).
Otherwise it is non-measurable. A transition t; is
said to be measurable if D(t;) = t;. Otherwise it is
non-measurable.

In this work, the measurable places of an IPN are
depicted as clear circles, the non-measurable ones as
dark circles, the measurable transitions as clear bars,
while the non-measurable ones as dark bars.

Let 0 = ¢;t;ty... be a firing transition sequence. The
Parikh vector @ : T' — Z7 of ¢ maps every transition
t of T' (the transitions of the net) to the number of
occurrences of £ in o.

The state equation of an IPN is the following;:

My = My, + Coy, (1)
Yp = p o My,

where v;, is the Parikh vector of a fired transition
sequence.

Definition 5: Let (Q, Mp) be an IPN, a firing se-
quence of (@, Mp) is a sequence o = {;t;...t;, such that
Mo 5 My s M 2 M,

The firing language of (Q, Mp), is the set of all firing

sequences of (Q, Mp), denoted as: £(Q, My) = {olo =

titj...tk and MO L M1 t—]> Mw L }

The input language of (Q, M) is £, (Q, Mp) =
{AE)A(E)- Atr)| titj.te € £(Q, Mp)}.

The output language of (Q, My) is £4:(Q, Mp) =

ti te

{o(Mp)p(My)...p(My)... |Moy - My —45 M, 25
... and tﬂfj...tk S f(Q,Mg)}

Definition 6: *(t;) (*(p;)) denotes the set of input
places (transitions) to ¢; (pi); (¢;)* ((p:)*) is the set of
output places (transitions) to ¢; (p;).

The notion of dependency will be useful to establish
which transitions are in the same path in an / PN.

Definition 7: Two transitions #;, ¢; form a depen-
dency [t;,t;] iff 3py, such that p, € £7 and py, €° ¢;. If
Pk is a non measurable place, then [¢;,%;] will be called
a non-measurable dependency and it is denoted
as NDep, otherwise will be called a measurable de-
pendency and it is denoted as MDep. The set of all
possible dependencies is denoted as Dep.

Dep = Dep™ U Dep“, where Dep™ is the set of all
measurable dependencies and Dep® is the set of all non
measurable dependencies.

Definition 8: Let (Q, Mg) be an IPN. (Q, M) is a
single non-measurable dependency (SDep) /PN
iff each non measurable place belongs to just one non
measurable dependency.

I1I. ASYMPTOTIC IDENTIFICATION PROBLEM

To identify a DES using I PN it should be the case
where the DES can be modeled by at least one IPN. If
it is not the case, then the DES cannot be identified by
any IPN. Moreover, even in the case where the DES
can be modeled by an I PN (Q), Mp), more properties
must exhibit this net because all non-measurable event
and places must be detected from the output symbols
of the DES.

One needed property is the observability[10], be-
cause it ensures that the events (transitions) can be
detected from the output. This property, however,
does not ensure that the non-measurable places will
be detected. To cope this problem this paper focuses
in observable SDep IPN. For example, if two non-
measurable dependencies [t;,%;], [t;,¢] are detected,
then two non-measurable places are also detected.
Next proposition formalizes these ideas.

Proposition 9: Let (Q, My) be an observable and
SDep IPN, then the existence of transitions and
places can be detected from the output language.

Proof:  Since the IPN is observable, then any
fired transition sequence and measurable place can
be detected[10]. Non-measurable places are detected
when two consecutive transitions ¢;, t; are no con-
nected by a measurable place. Moreover the non-
measurable dependency [t;,1;] is identified. For each
NDep [t;,t;], a vector w;; = [ vi e Uy ] is
computed; where r is the number of detected transi-
tions and v; =1, v; = —1,v, = 0, k # ¢, j. Arranging



©C'(-,t;) and w;; vectors in a matrix fashion, as follows:

@C('vtl) (pC('vtT)
Uiy
C =
Ukem
then all transitions and places can be detected. |

Now, the asymptotic identification problem for this
subclass of I PN can be stated.

Problem 10: Let Sy be a DES that can be modeled
by an observable, SDep and binary IPN; and M =
{3/, ¥0, .-} be the non empty set of all /PN. Then the
asymptotic identification problem is defined as follows:
1. Select a functional f : {S;} x M — R7 indicating
the similitude between Sy and m; € M. A lower value
of f(S¢, m;) indicates that S and m; are more similar.
2. Find out a model sequence mg, mq,..., My, where
m; € M such as f(S¢,m;) < f(Sf,mi1)

Based on this definition, we proposed a functional
f to determine the number of ¢@C' columns and non-
measurable dependencies that are missed in the model.
This functional works fine for the IPN class herein
studied because it guaranties that the measurable part
of the system is actually represented in the guessed
model. Moreover, since every dependence in the system
also belongs to the guessed model, then the model just
accepts the system words. Formally, the functional f
is defined as follows.

Definition 11: Let {¢Cs,} be the set of columns of
matrix ¢C' of the system Sy and {(pCmi} be the set
of columns of matrix ¢C of the identified model m;.
Let Dep(Sy) and Dep(m;) be the set of dependencies
of the system Sy and the identified model m;.

F(Spymi) = HpCs, } = {eCm, } + | Dep(Sy) — Dep(ms )]

2

Now, every fired transition sequence o; (:)
tita---tr_1tr in the system (Q, Mp) yields a depen-
dency sequence [t1fg] [tots]- - [tx—_1tx]. Using the de-
pendency sequence, a simple / PN path (a sequence of
transitions and places) can be identified such that it
accepts the sequence ;. Then the simple /PN paths
can be merged to obtain a model for (Q, Mp).

The following definition defines the m;-word, it is a
fired transition sequence in the system (Q, Mp), and
will be useful to identify the dependency sequences.

Definition 12: Let (Q, M) be an observable, SDep
and binary IPN and m; = (N/, M) be a proposed
model for (Q, Mo). If w, = ¢(Mp) - - - (1) is an out-
put word generated by (Q, Mo); and w =1y - - - £, is the
firing sequence detected when w, was observed. w is
an m;yq-word iff p(Mo) = p(M;).

The next theorem proofs that the problem 10 has a
solution.

Theorem 13: Let (Q), My) be an observable, SDep
and binary TPN and m; = (N}, M{) be a proposed
model for (Q,My). If w is an m;r1-word then a

model m; = (N[, M{™") can be built such that
[(Sp,mi) 2 f(Sp,mita)

Proof: The first model mg = (N§, MQ) is built
as follows. The number of places of Nj is equal to the
number of measurable places in (@, My). This value
can be computed from ¢(Mp). The number of transi-
Lif o(Mo) (5) # =
0 other case - Then,
the initial error is: f((Q, My), mo) = |T'| + | Depl.

Now the sets Dep*, Dep™, Dep and Dep* (non-
measurable dependences between m; models) are de-
clared to be empty. Proceeding by induction on the
number z of detected m,-words.

e Let z = 1. In this case an my-word=
t1t9...t, is determined when the output word w, =
©(Mo)p(My) - - p(Mg) of (Q,Mp) is observed. Such
my-word= tyts...t, and columns ¢C(e,%1), ..., pC(e,t;)
can be computed using proposition 9. The following
cases arise:

1.- t;1 is the first fired transition in mq-word. A de-
pendence D = [t,.,t;] is detected. If D = [t;,1;] is an
NDep, then it must be added' to Dep* otherwise to
Dep™.

2.- The firing of ¢; occurs before the firing of ¢; in the
my-word. A dependence D = [t;,t;] is detected. If
D = [t;,1z] is an NDep, then it must be added to
Dep® otherwise to Dep™.

For each NDep [t;,¢;], a vector u;; = [ vy - Uy ]
is computed as in the proof of proposition 9 and an in-
cidence matrix C] is computed. A new model m; is
determined, where the incidence matrix of my is C]

tions is zero and M3 (i) =

and the initial marking Mg (i) is the inherited projec-
tion from M (i) with the new marked non measur-
able places. Since some transitions are detected by the
my-word, then some columns ¢C(e,%;) are computed.
Hence f((Q, Mo),mo) = f((Q, Mp),m1).

« By the induction hypothesis, if x = n, then the m,,-
word= t4lp...t; is detected and f((Q,Mo),mMn-1) =
f((Q7 MO)? mn)

e let + = n + 1. In this case myyr1-word=
t;t;...t; is determined when the output word w, =
O(M;)p(My) - - p(M,) of (Q, M) is observed. Such
Mpt1-word= 1;t;...1; and columns ¢C(-,4;), ..., oC(-, ;)
can be computed using proposition 9.

The dependencies of the m,1-word will be updated
as follows:

- t; is the first transition in m,,;-word. A dependence
D = [t;,t;] is detected. If D = [t;,1;] is an NDep, then
it must be added to Dep" otherwise to Dep™.

- 13, %) are two consecutive transitions in 71,41-
word. 'Then a dependency D = [t;,1z] is identi-
fied. If there exists a dependency sequence Dseq =
[tr,tyl[ty, tn]...[t2, ti] (taking dependencies from Dep)
where no one dependency appears more than once,
then Dep" =Dep" — [t,,t,], where [t,,1,] €EDep* ap-

1Tn this case, added means the union of the dependency set
with the new found out dependencies



pears in Dseq, i.e. some dependencies between models
must be eliminated? from Dep® because they contra-
dict the new observed behavior. Otherwise two cases
arise:

a) There no exists D, = [t;,tx] €EDep”. In this case
there exists no a contradiction in the net (i.e. there ex-
ists no a non-measurable dependency that invalidates
the sequence ...t;lx... because ;, has not input places).
If D = [t;,tz] is an NDep, then it must be added to
Dep" otherwise to Dep™.

b) There exists D, = [t,,tr] €Dep" (i.e. t; belongs
to an NDep that could be eliminated). If there exists
a dependency sequence Dseq = [t;,1,][ty,ts]...[t., tx)
(taking dependencies from Dep) where no one depen-
dency appears more than once, then [t,,%z] must be
eliminated from Dep* and a new NDep dependences
[ti,tq] must be added to Dep"™. In the next step new
NDep dependencies [t,,t,] are added, where the t,
are taken from the dependences [t5,1,].In both cases,
if D = [t;,tx] is an NDep, then it must be added to
Dep" otherwise to Dep™.

The dependencies between m;-words will be updated
as follows:

- Since mp-word= %,tp..T, precedes My, 1-word=
tit;...t;, then a dependency D = [t,,t;] is identified.
Two cases arises:

a) If there exists a dependency sequence Dseq =
[ti,ty]...[t., 1] (taking dependencies from Dep) where
no one dependency appears more than once, then
Dep" =Dep" — [t,,1,], where [t,,1,] €EDep* appears
in Dseq.

b) If there no exists a dependency sequence Dseq =
[ti,ty]...[t., 1] (taking dependencies from Dep) where
no one dependency appears more than once, then the
identified dependency D = [tq,%;] must be added to
Dep® and to Depx sets.

For each NDep [t;,t;] in Dep”, a vector u;; =
[ vy oo Uy ] is computed as in the proof of propo-
sition 9 and an incidence matrix C;, . is computed. A
new model m, 1 could be determined, where the inci-

dence matrix of my,,; is C],_; and the initial marking

MEFTY(i) is the inherited projection from M (i) with
the new marked non measurable places.

If new transitions are found out, then the er-
ror f((Q, Mo),mn+1) decreases. If the dependencies
are updated to accept the new detected word, then
eliminated dependencies do not belong to the sys-
tem and also the error f((Q,Mo),mp+1) decreases.
Otherwise f((Q, Mp),mp11) will not increase, hence
FUQ, Mo), mpt1) = f(Q, M), Mp11) and the theo-
rem holds. |

2In this case eliminated means removing from the dependency
set the indicated dependency and the removing of the non-
measurable place from the TPN.
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Algorithm: Asymptotic identification algorithm

Input: Dep” = (), Dep™ = (), Dep= (), Dep* = ()
and {¢Cyg,}=10

Output: An /PN model for the system behavior
observed {¢Cy,} and Dep

Compute mgo as was mentioned in the proof of theo-
rem 13, ¢ =20

loop

1. Read the output symbol ¢(M;) of the DES until
mg—word is detected.

2. Uses mg-word to compute C] and the current
dependency sets Dep and Dep™.

3. Updated the dependencies as in the proof of the-
orem 13. g=q—+1

4. Build model m,.

5 Fnd_loop

IV. IDENTIFICATION FOR VALIDATION

This section addresses the problem where a designed
device must be tested to determine if it fits a set of
preestablished specifications. This problem arises in
different engineering areas, such as testability of IC or
software verification. The scheme presented in figure 1
is introduced to solve the validation problem using the
asymptotic identification algorithm.

Problem 14: Let S be the specification in IPN
terms of a DES. The specification is an observable,
SDep and binary I/ PN. Let I be an implemented de-
vice (physical device) which has been designed to meet
the specification S. Then the validation problem con-
sists in determine if I fulfills the specification S.

Since the specification is known, then the identifi-
cation process can be improved using a special set of
input words. This set of words is chosen to help to ef-
ficiently compute the dependencies of the system. The
approach herein used to find out the reduced set of fir-
ing transition sequences implies the study of the T and
P components.

Proposition 15: Let (Q, Mp) be a live, structurally
bounded /PN and 1y an elemental T-component of
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Fig. 2. An IPN with two P-Semiflow and its phase diagram.

(Q,Mo). Let g, = tltj and g5 = tjtl S
£L(Tq,Mp). Then t; and t; belong to different p-
components of Tj.

Proof:  If both transitions ¢; and ¢; belong to
same P-component, then there only exists a directed
path from ¢; to ¢; or from t; to ¢; (without passing
twice by the same transition). Then just sequence o;
or 0; can be fired; so ¢; and ¢; must belong to different
P-components. |

Definition 16: Let (Q,Mp) be a live, structurally
bounded IPN. Two transitions ¢;,¢; of (Q, M) are
said to be in contradiction iff there exist words 0,0, €
f(Q,Mg) such that g; = ...ti...tj..., 05 = ...tj...ti....

A. Reduced set of firing transition sequences for iden-
tification

Definition 17: Let (Q, Mp) be an observable, SDep
binary and structurally bounded I PN. The Phase Di-
agram of (Q, M) is the reachability graph drawn in
an N-dimensional space, where each axis is a discrete
variable representing a P-semiflow; the values of the
variable are the markings of the associated P-semiflow.

Ezample 18: Let (Q, Mp) be the IPN depicted in
figure 2.a). The phase diagram of (Q), Mp) is shown in
figure 2.b).

Definition 19: Let (Q, My) be an observable, SDep,
binary and structurally bounded IPN and PD its
phase diagram. The set of external sequences (those
cyclic sequences forming the unbounded face) of the
PD is denoted ESeq.

Ezample 20: In the PD of the figure 2.b), ESeq=
{abede, cdabe}.

Proposition 21: Let (Q, My) be an observable,
SDep, binary and structurally bounded I PN, and Tt
be an elemental T-component of (Q, My). ESeq is a
reduced set of firing transition sequences allowing to
identify correctly 1t.

Proof:  Let o0;, 0; €ESeq two transition se-
quences such that:

arisy ATiSy

0 = tipitop, = Timapy  lipntop, = tmnp,

aTiSp arisy

05 = tlpnt2pn T tmnpn T tlpl t2p1 T tmlpl

Note that for any pair of contradictory transi-
tions 1p,f; of T, there exist a pair of sequences
0i,0; €ESeq, where t5,f; are in different order.
Therefore, by firing ¢;, the dependency NDep [ty ]
will be generated; and by firing ¢;, the dependency
NDep [t;,t] will be generated. Now, using the al-
gorithm derived from the proof of theorem 13, these
dependencies will be eliminated. Other dependencies
are identified by the same algorithm and a model of T
can be built.

Remark 22: Since the specification S is live and
structurally bounded I PN, then it is conservative and
repetitive and each place py and each transition ¢; of S
belongs to a T-Component and to a P-Component [5].
Moreover, extending proposition 21, a complete model
for the specification can be built.

B. An illustrative example

Ezxample 23: Let the system depicted on figure 3
There exist two cars C; and (5 and four sensors. I
is devoted to detect the movement of C; to the right
direction; Ly is devoted to detect the movement of C;
to the left direction and the same for the Ro and Lo
sensors for Cs.

Specification: The cars start in the leftmost posi-
tion, then when input signal m is given, both cars start
the motion to their right position. When C} (Cs) press
switch ¢ (d) the car C (Cg) moves to left. Once car Cy
(Cy) press switch a (b), then it stops and remains in
this state until both cars are in their leftmost positions
and signal m is given again starting a new cycle again.

The IPN specification is also depicted on figure 3.
This IPN is mono T-component system, and gener-
ates six output words, by the study above we conclude

that we need only two input sequences o7 = acbdm
and 09 = bdacm, generating the output words §; =
1 € € € € 1
1 1 1 € € 1 and
€ 1 € € € €
€ € € 1 € €
1 1 1 € € 1
1 € € € € 1
by = € € € 1 € € to
€ 1 € € € €
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Fig. 3. The system and its specification

identify the designed DES.

Using the asymptotic identification algorithm (ob-
tained from theorem 13) for the observed output word
61 when o4 is given as a input to the designed device,
we construct the model depicted in figure 4.a).

Once the firing transition sequence o5 is given and 65
is observed, the algorithm yields to the model depicted
in figure 4.b) which is the equal to the specification.

Notice that if the identified model is not equal to the
specification, then the designed DES is wrong.

V. CONCLUSIONS AND FUTURE WORK

This paper addressed the problems of on-line iden-
tification and design validation of discrete event sys-
tems. The proposed scheme for identification provides
an algorithm allowing the progressive construction of
I PN models; this approach avoids the NP complete
problem found in techniques using positive samples of
input languages. The application of this method to sys-
tem validation yields an efficient correctness-checking
technique for DES that provides a reduced set of test
vector sequences.

Current research deals with extensions of the pre-
sented results to the cases of no binary IPN models
and more complex non measurable dependencies.
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