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1. Introduction

Critical time manufacturing job-shops use to be tolerant in order to maintain product quality when there
are time disturbances [1], [2]. Nevertheless, it may happen that the temporal abnormal functioning ensues
from wear of tools, irregularity of machines, etc. The observability of such occurrence is an important
aspect of the maintaining task [3], [4]. As the rejection of disturbances may hide them, the localization
problem is really difficult in robust systems [5].

This paper begins by modeling the workshop under consideration. Controlled P-time Petri nets are used
for this purpose. A decomposition of the P-time Petri net into four sets is done. Afterward, the problem of
localization of time disturbances in critical time manufacturing systems is tackled. Some definitions and
lemmas are quoted in order to build a theory dealing with such problem. They are illustrated step by step
on examples of a given workshop. Finally, an algorithm providing a localization of time disturbances is
established.
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2. Modeling

2.1. Controlled P-time Petri net
The formal definition of a P-time Petri net is given by a pair <R; I >, where [6]:

e R s a marked Petri net,

e IS:P—(QU0)X (QUtw)

p; — IS;=[a;, b;] with 0<a;<b;.

IS; defines the static interval of staying time of a mark in the place p; belonging to the set of places P (Q" is the set
of positive rational numbers). A mark in the place p; is taken into account in transition validation when it has
stayed in p; at least a duration a; and no longer than b;. After the duration b; the token will be dead.
Using [7], controlled P-time Petri net is defined as a quadruplet Rpc=(Rp, ¢, U, U,) such that:

e  Rpis a P-time Petri net which describes the opened loop system,

e ¢ is an application from the set of places (P) toward the set of operations (I'): ¢: P > T,

e U is the external control of the set of transitions (T) built on the predicates using the occurrence

of internal or external observable events of the system: U: T — {0, 1},

Uj is the initial value of the predicate vector.

Let us denote by:

o To : the set of observable transitions,

o Tuo : the set of non observable transitions,

o Ty : the set of synchronization transitions,

o Tys : the set of non synchronization transitions,
e Tp : the set of parallelism transitions,

e t;(resp. t;) :the output (resp. the input) places of the transition t;,

e p; (resp. p;) : the output (resp. the input) transitions of the place p;,

* (i : the expected sojourn time of the token in the place p;,
e St(n) : the n™ expected firing instant of the transition t,
e St(n) : the n™ effective firing instant of the transition t.

2.2. Functional decomposition

A workshop in repetitive functioning mode is modeled by a Strongly Connected Event Graph (SCEG)
[8]. Performances of a SCEG running in mono-periodic functioning mode are proved to be the same as
when using the K-periodic functioning [8]. Consequently, a mono-periodic functioning is used in order to
decrease the complexity of the supervisory problem [9]. In this case, for each transition t,
St.(n+1)=St.(n)+my where m, is the period of the periodic functioning of the given discrete event system.
In this paper, the scheduling task is supposed to be done. Therefore, the SCEG corresponding to the
system is provided. Moreover, the setting of transitions firing instants is fixed too. Then, the problem of
time disturbances localization will be studied in the following.

As the sojourn times in places have not the same functional signification when they are included in the
sequential process of a product or when they are associated to a free resource, a decomposition of the P-
time Petri net model into four sets is made using [7]. The assumption of multi-product job-shops without
assembling tasks as it was established in [10] is used:
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e Ry is the set of places representing the used machines,

e Ry corresponds to the set of places representing the free machines which are shared between
manufacturing circuits,

e Transcis the set of places representing the loaded transport resources,

o  Transyc is the set of places representing the unloaded transport resources (or the interconnected buffers).

Figure 1, shows a P-time Petri net (G) modeling a system composed by two sequential processes GO; and
GO, with two shared machines (M;, M,), where: Ry={p>, ps4» P11> P13> P15}> Rn={Ps> P7> Ps> DP9},
Transc=1{p1, P3» P10 P12, P14}> Transnc=1{ps, Pis}> GO1=(t12, P10» te> Pi1> 175 P12 L P13, Lo, P14y ti0, P1s, t11) and
GO»=(ts, p1, t1, P2, T2, P3» B3, Py L)

IS6=[1, to]
qiee=19
Pie

15102[5,15] 1511:[15,20] 1512:[3,7] 1513:[2,20] 1514:[2,7] 1515:[15,20]
qroe=12 qrie=17 q12:=6 qi3e=5 qi4e=5 qis.=16
Pio te P11 ty P12 tg P13 ty P14 Pis

tio tio th

1S¢=[0, +]
q6e=5

IS,=[30,47]
qi.=38

1S,=[5, 12]
q2e=7

IS;=[10, 20]
q;3.=15

1S,=[2, 20]
q4c=10

Ps
ISs=[1, +=]
qs.=10

Q A place belonging to Transc

Q A place belonging to Ry
A place belonging to Ry

® A place belonging to Transyc

Figure 1. An Hillion Like Model with Functional Decomposition

The intervals (IS;) and the expected staying times (q;.) associated to the places (p;) are: 1S,=[30, 50],
Q1e=38, IS,=[5, 12], q2e=7, IS;=[10, 20], q3.=15, I1S;=[5, 20], q4c=10, ISs=[1, +], q5.=10, IS¢=[0, +o0],
qee=5, IS7=[0, +0], q7c=8, ISg=[8, 0], qsc=13, ISy=[8, +0], qoe=15, IS1o=[5, 15], qioe=12, IS;1=[15, 20],
qne=17, IS12=[3, 7], 412676, IS13=[2, 20], q13e=5, [S15=[2, 7], quae=5, 1S15=[15, 20], q15.=16, IS;6=[1, +o0]
and q6.=19.

The initial expected firing instants of each transition are: St;(1)=15, Sty(1)=22, St3.(1)=37, Sts(1)=7,
Sts(1)=17, Stse(1)=12, St7¢(1)=29, Stge(1)=35, Stoe(1)=0, St;e(1)=5, St;1(1)=21 and St;,.(1)=0.
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The repetitive functioning mode is characterized by the period n;=40.

Definition 1: A mono-synchronized subpath is a path containing one and only one synchronization
transition which is its last node.

Definition 2: An elementary mono-synchronized subpath is a mono-synchronized subpath beginning
with a place p such as p is a synchronization transition.

In Figure 1, there are eight elementary mono-synchronized subpaths constituting a partition of G:
Lpi=(p13, to, P14> tio> P15> tit> Pis> tiz, Pros t6), LP2=(Pis, to, Po, t1), Lps=(p2, t2, P3, 1), Lpa=(p2, ta, Pss ts),
Lps=(pa, ta, Ps, ts, P1, t1), Lpe=(Pa» s, Po» t6), Lp7=(P11, t7, P7, t3) and Lps=(p11, t7, pi2, tg)-

Property 1: A place py, belonging to a sequential process represents a shared machine if and only if
Pmp€Tp OF prpeTs.

Property 2: The first node of an elementary mono-synchronized subpath is a place belonging to Ry and
representing a shared machine.

3. Time Disturbances Localization

3.1. Definitions and lemmas
Let us remember some definitions.

Definition 3: A time disturbance is detectable if, when it occurs, there exists at least one transition te T
such as St(n)#St.(n).

Definition 4: A time disturbance is quantifiable if its value can be analytically known.
Definition 5: A time disturbance is localizable when its occurrence node can be identified.

Definition 6: A time disturbance is partially localizable when its occurrence node location can be proved
to belong to a given subset of P.

Definition 7: A time disturbance is observable when it is detectable, quantifiable and localizable.

Definition 8: The time passive rejection capacity interval of a path Lp is RC(Lp)=[Ca(Lp), Cr(Lp)]
where:

Ca(lp)= D (q:—b;), (1)
D, eme(RNuTransNC)
CrLp)= > .(q.-a;). )

p,eLpN(RUTrans )

Ca(Lp) (resp. Cr(Lp)) is called the time passive rejection capacity for an advance (resp. a delay) time
disturbance occurrence.

Considering the path Lp=(p1,, ts, P13, to, po, t1), RC(Lp)=[—0, 7] (IS¢=[8, +0], qoe=15).
Definition 9: Let 6 a time disturbance and SN a set of nodes belonging to a P-time Petri net.
€SN (resp. 8¢ SN) means that the occurrence of 8 is (resp. is not) in a node of SN.

Used notations
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e C, is the set of elementary mono-synchronized subpaths.

e IN(Lp) is the first node of the path Lp.

e OUT(Lp) is the last node of the path Lp.

e  Lp(t*,t) is the oriented subpath of Lp beginning with t* and ending with t.

e M, (Lp(t*,t)) is the number of tokens in Lp(t*,t) after the completion of the cycle (n—1).

e Given a time disturbance 9, dr(n) is the resulting residue quantified at the transition t which is
fired at St(n).

e EC(IN(Lp),t) is the set of oriented paths connecting the node IN(Lp) of the path Lp to the
transition t.

* H(IN(Lp),t) = min(Cr(L,)) + dr, (n)
L; e[EC(IN(Lp),t) \ Lp(IN(Lp), t)]

e H'(IN(Lp),t) = min(Cr(L,)) + or, (n) .
L, e ECIN(Lp),t)

Figure 2 Shows an elementary mono-synchronized subpath Lp,=(pi3, to, P14, tio, P15» ti1> P16> t12> P1os te)
with different notations.

é p13=IN(Lp,) represents a
i used machine (p;3€Ry)
1

i te="IN(Lp,) is a synchronization '

1 1
i o i P16
i transition (ty€Ts) i
1 1

te=OUT(Lp,) is a synchronization
transition (tseTs)

te=IN°(Lp;) is a parallelism
E transition (tye Tp)

Figure 2. An Elementary Mono-Synchronized Subpath with Different Notations

Lemma 1: Let LpeC,, te(LpnTonTys), t*e(LpnTo), and & a time disturbance having a residue
or(n)#0 quantified at t. The following results are established [11]:

ta(n—M,_ (Lp(t5,) =0 = Je[Lp(t*,0\{t*}] (3)
Bro(n =M, (Lp(t*,0))#0 = 8¢ (Lp(t*,0\{t}] )
Proof: The time disturbance is assumed to be a single one. The number of tokens in Lp(t*,t) after the

cycle (n—1) is equal to M,_;(Lp(t¥*,t)). This means that the token crossing the transition t at St(n) with a
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residue Or(n) has crossed the transition t* at St*(n—M,_;(Lp(t*,t))). When a disturbance is detected at a
downstream transition t and is not detected at t*, it is generated between these two transitions. Otherwise,
its initial occurrence is outside of Lp(t*,t).

It is to remark that the only oriented path connecting t* to t is Lp(t*,t). This is due to the fact that Lp is an
elementary mono-synchronized subpath and t is not a synchronization transition.

Example 1

Let Lp=(p13, to, P14 tio> P15> ti> Piss tizs Pros te)s tiz€(LpNToNTys), tioe(LpNTo), (Ory2(n)#0) and
M, 1(Lp(tio,ti2))=1 (Figure 3).

i Oryo(n—1)=0 or 8ryj(n—1)

i 1 :
i t6(ToMTxs) : Pis : tieTo
E 81'[12(1'1)7&0 1 1
. M 1

Figure 3. An Elementary Mono-Synchronized Subpath with Two Observable Transitions
Firs case: If (8ry9(n—1)=0), the disturbance & has not crossed the transition t;o. Hence, (3) is applied and
d<{p1s, ti1, P16, t12}. In fact, the token in py¢ has forcibly crossed the transition t;, at the cycle (n—1) at
St.(n—1) with a null residue.
Second case: If (8ry9(n—1)=0), (4) is applied and 6¢& {ps, ti1, P16, t12}-
Lemma 2: Let LpeC,., te(LpnTy), tpe(LpNT,), I,={LieCs/ OUT(L))=IN(Lp)} and  a delay time

disturbance having a residue or(n)>0 quantified at t. The following assertion is true [11]:

or,(n—M,_,(Lp(tp,1))) <H'(tp,t) = 5 U {Li\ (IN(L ,), IN °(Li)}} Uftp, tp ) (5)
Liel,

Proof: It is to remark that tp=IN(Lp) since Lp is an elementary mono-synchronized subpath. This
transition is also supposed to be observable directly or indirectly.

I, is the set of mono-synchronized subpaths having IN(Lp) as the shared synchronization transition. A
path Liel;, involves OUT(L;)=IN(Lp)=tp.

Moreover, [L\{IN(L;), IN(L;)}] is a subpath of L; which does not contain any parallelism transition.

[LA{IN(L;), IN(L;)} Jw{tp, tp} has a single parallelism transition that is tp. EC(tp,t) is the set of oriented
paths connecting the transition tp to the transition t. We prove (5) by contradiction.
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If § is in [LA\{IN(L)), IN(L;)}Ju{tp, tp}, the paths belonging to EC(tp, t) are the only ones making it
possible to convey the disturbance o to the transition t. Hence, it exists a path Ly EC(tp, t) by which & is
arrived at the transition t. In this case, dry,(n—M,_i(Lp(tp,t)))=[Cr(Li)+6r(n)]. Or [Cr(L)+dr(n)]=H’(tp,t),
thus (5) is true.

Example 2

Let Lp=(pi3, to, Pis> tio, Piss tit, Piss tiz, Pios t6), te€(LpMTo), toe(LpNTp), drig(n)=2, driy(n—1)=8 and
M, (Lp(tote)=1 (Figure 4).

P16 i Path Lp(to,t)
1

i S {Ps, ts, P12, P13 Lo} :

it N

Figure 4. Illustration of Lemma 2 on the Considered Workshop

EC(to,te)={Lp(to,ts), Lp’=(to, po, ti, P2, t, P3, t3, Pas ts, DPe te)}, Cr(Lp(to,ts))=18, Cr(Lp’)=12,
IN(Lp)=p15=ts, H’(to,t)=min(20, 14)=14, I, ={L=(p2, t2, Ps, ts), La=(P11, t7, P12, ts)}, Li\{pa, t2}=(ps, ts)
and L\{pi1, t7}=(p12, t3).

Obviously, if de{ps, ts, P12, P13, to}, a residue Or(n—1)=14 must be observed at ty to have a residue
dr(n)=2 at ts. Therefore, the disturbance & does not belong to the set: {ps, ts, p12, P13, to}-

Lemma 3: Let LpeC,,, te(LpnTonTs), t*e(LpnTyp), and o a delay time disturbance having a residue
or(n)>0 quantified at t. The following results are established [11]:

dr.(n—M,_(Lp(t5, ) =0 = 8 & [Lp(IN(Lp),t*)\ {IN(Lp)}], (6)
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0 < Cr(Lp(IN(Lp), t*)) < H(IN(Lp),t)
or.(n—M,_(Lp(t*,1))) =0

{5 e [(Lp\ Lp(t*,1) U {t*}]

Sty (1~ M, (Lp(IN(Lp). 1)) < H'(IN(Lp).t)” @

(Lp)

= 5 ¢ [Lp(IN(Lp), ) \{IN(Lp)}] ®

81, (n—M, , (Lp(t*1)))#0
8, (n)+ Cr(Lp(t¥£)) # 85, (n — M, _, (Lp(t*,)))

Proof: The assumption of a unique disturbance is made. The path Lp is an elementary mono-
synchronized subpath verifying OUT(Lp)=t, since the synchronization transition t belongs to Lp.
According to properties 1 and 2, IN(Lp) is the only parallelism transition of Lp.

Assertion (6):

The subpath I'=[(Lp(IN(Lp),t*))\{IN(Lp)}] does not contain any parallelism transition. There is only and
only one path connecting each node meI to the transition t that is Lp(m,t). Since t*eLp(m,t), the residue
(Or(n—M,,_(Lp(t*,t))=0)) proves that the occurrence of the disturbance J is outside of I'.

Assertion (7):

The residue at the transition IN(Lp) must verify 8rinp)(n—M,-1(Lp(IN(Lp),t)))<Cr(Lp(IN(Lp),t*)), else a
residue or(n—M,_;(Lp(t*,t)))#0 will be observed.

Since Cr(Lp(IN(Lp),t*))<H(IN(Lp),t), therefore drinwp)(n—My-1(Lp(IN(Lp),t)))<H(IN(Lp),t).

d¢[Lp\Lp(t*,t)u{t*}] means that d¢[T"U{IN(Lp), IN(Lp)}]. Since (dry(n—M,_;(Lp(t*,t)))=0), (6) gives
oel.

Now, we try to prove by contradiction that d¢ {IN(Lp), IN(Lp)}. If 6 {IN(Lp), IN(Lp)}, necessarily
there is a path Lye[EC(IN(Lp),t)\Lp(IN(Lp),t)] by which the disturbance 0 is arrived at the transition t.
Thus, the residue Sty p)(n—M,_1(Lp(IN(Lp),t)))=[Cr(Li)+3r(n)]. By assumption, this is not possible
since [Cr(Ly)+or(n)]=H(IN(Lp),t). Immediately, we have d¢ {IN(Lp), IN(Lp)}. What results in saying
that d¢ [(Lp\Lp(t*,t))u{t*}].

The second result of (7) is proved as follows.

According to the definition of H’(IN(Lp), t) and knowing that 6r(n)>0, Cr(Lp(IN(Lp), t¥)) <
Cr(Lp(IN(Lp, t))) and Cr (Lp(IN(Lp), t*)) < H (IN(Lp), t), we conclude that H’(IN(Lp), t) >
Cr(Lp(IN(Lp), t*)). This involves that H’(IN(Lp), t) = drwp)(n—My-1(Lp(IN(Lp), 1))).

It is suitable to remark that this last result allows applying (5).

Assertion (8):
According to (4), (dr(n—M,_(Lp(t*,t))=0)) gives Sg[Lp(t*,t)\{t*}]. It remains to prove that
dzI'=[(Lp(IN(Lp), t*)\{IN(Lp)}]. We prove this by contradiction.

We suppose that 5eI'. There is only and only one path connecting each node meI to the transition t that
is Lp(m, t). Since t*eLp(m, t), forcibly the residue at t* verifies dry(n—M,_;(Lp(t*, t)))=[0r(n)+Cr(Lp(t*,
t))]. For that reason, the disturbance d#I". Finally, we conclude that d&[Lp(IN(Lp), t)\{IN(Lp)}].
Example 3

Let Lp=(p13, t9, P14» t10> P1s» ti1> Pi6s L2, Pros 1), te€(LpMToNTs), tine(LpnTo), drig(n)=2 and M,,_1(Lp(ts,
t6))=0.
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If 8r,15(n)=0, (6) is applied and ¢ {p14, ti0, P15, t11, P16» t12}-

Example 4

Let Lp:(pUs t9: P14, tha Pis, t115 P16, t125 Pio, té)s tﬁe(meTOmTS)s thE(LpﬂTO)s 6rtf)(n):2 and Mn—l(Lp(tIOs
ts)=1.

First case: (8ry0(n—1)=0)

IN(Lp):t9s Ec(t9st6):{Lp(t99t6)s Lp,:(t% p99 tls p29 t23 p39 t3s p49 t4s pé: tﬁ)}! Cr(Lp,):7+5:12’!
Cr(Lp(to,ts))=18, Cr(Lp(ty,ts))+0r(n)=20, H(ty,ts)=Cr(Lp’)+dr,(n)=14 and H’(ty,ts)=min(14, 20)=14.

As Cr(Lp(to,t10))=0<H(to,ts), (7) is applied and 6¢& {p13, to, P14, t10}. Besides, we have dro(n)<H’(to,ts).
Using (5), we can conclude that 8¢ {ps, ts, pi2, P13, to}. Finally, we have 6¢& {ps, ts, P12, P13 t9, P14 t10}-
Second case: (dr9(n—1)#0)

[Or(n)+Cr(Lp(to,te))[=2+18=20.

If 3ry10(n—1)#20, (8) is applied and 6¢& {pi4, ti0, P15 ti1> P16 L1z, P10 te}. In fact, if S {pis, ti1, P16 tiz> P1os
te} then Ory o(n—1)=0. Furthermore, if d€ {pi4, t1o} then dryo(n—1)=20, knowing that Lp(p14, t¢) is the only

path connecting (p4, tio) to ts.

Lemma 4: Let LpeC,, tpe(LpnTpTyo), te(LpnTo), and Cr(Lp(tp, t)) the time passive rejection
capacity of Lp between tp and t for delay occurrence.

Let us call DIF(tp) the set of paths beginning with tp.

Let us denote DIF,(tp) the restriction of DIF(tp) such that VLp’eDIF,(tp), Vt’eLp’, we have
St’(n+m,)<St(n), where my=M,_;(Lp’(tp, t"))-M,_1(Lp(tp, t)).

Now, let Lp’eDIF(tp), t*e(Lp’"To) and Cr(Lp’(tp, t*)) the passive rejection capacity of Lp’ between
tp and t*. Given a delay time disturbance 0, the following results are true [11]:

(tg Ty) A (3r, (n) > 0)

8, (n) + Cr(Lp(tp, 1)) — Cr(Lp'(tp, t*)) >0 = 3 [Lp(tp,H)\ {tp}} )
Or«(n+my)=0

{(t ET)A O =0 g [Wp(tp, &) U Lp'(tp, )\ p3]} (1o
dru(n+my)#0

(teTg) A1, (n)>0) S ¢ {°tp, tp}

CrLp'(tp, ) <H'(tp,) = {snp (n—M, , (Lp(tp,1))) < H'(tp, 1) "
Orx(n+my)=0

{(t €T )AGrm>0) - o ¢ [Lp(tp,t)\ {tp}} .
r(n+m.)#0

Proof: To be able to conclude on the localization of the disturbance J at the instant St(n), it is necessary
that the token which crossed tp at Stp(n—M,,_;(Lp(tp, t))) must cross the transition t* before St(n). The
condition [St*(n+m)<St(n)] is putted to allow us to make a decision at St(n).
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The fact that m=>0 means that the number of tokens in Lp'(tp, t*) is strictly higher than that in Lp(tp, t).
In this case, it is not possible to conclude because the token which crossed tp at Stp(n—M,_1(Lp(tp, t)))
has not crossed t* yet.

Assertions (9) and (10):

If 3¢Lp(tp,t) and t is not a synchronization transition, the quantity [dr(n)+Cr(Lp(tp,t))] is the residual
effect of the disturbance & at tp. When tp is a non observable parallelism transition, the following
assertion may be used: if a disturbance modifies the tp firing instant, it must be seen downstream of tp.
Consequently, when the value of the residual effect of the disturbance is greater than the rejection
capacity of a given path, a residual variation has to be observed. Otherwise, the zero value of the residual
disturbance can be only explained by the occurrence of another disturbance. By assumption, this last case
is not possible. The disturbance has not passed through tp and (9) is true. When a residual value is not
zero, the disturbance obviously occurs in the upstream of tp and (10) is true.

Let us point out that: if Cr(Lp’(tp, t*)) is greater than the residual value in tp of the supposed disturbance,
it is not possible to conclude.

Assertion (11):

We suppose that de {tp, tp}. Therefore, it exists a path L, EC(tp, t) by which & arrived at the transition t.
In this case, Ory(n—M,_i(Lp(tp, t)))=[Cr(Li)+dr(n)]. Knowing that [Cr(Ly)+6r(n)]>H’(tp, t) and
Cr(Lp’(tp, t*))<H’(tp, t), a residue at t* different of zero must be observed (Orx(n+my)=0). This is in
contradiction with the assumption of (11). Therefore, (11) is true.

It is suitable to remark that the second result of (11) allows applying (5).

Assertion (12):

The subpath Lp(tp, t)\{tp} does not contain any parallelism transition. It is evident that: if d€[Lp(tp,
t\{tp}] then dr=(n+m)=0.

Example 5

Let Lp=(pi3, to, P14 tio> P1ss ti1s Pi6s tiz> Pros L), tir€(LpNTonTns), toe(LpNTpTyo), Lp’=(to, po, t1),
tie(Lp’MTo), My1(Lp(to, t11))=0 and M,,_;(Lp(to, t;))=0.

Lp’ eDIF,(ty) since Stoe(1)=0, St;1(1)=21 and St;(1)=15. Cr(Lp(ts, t11))=0, Cr(Lp’(to, t,))=Cr(Lp’)=8 and
mﬂ:().

First case: 6ry1(n)=10>Cr(Lp”)

If 8ry(n)=0, the conditions of (9) are satisfied and de(Lp(to, t;)\{to})={p14> t10> P15, P11}. Otherwise, a
residue dr,;(n)=10—Cr(Lp’)=2 must be observed at t; before the firing of the transition t,;.

If 8r(n)=2, the conditions of (10) are satisfied and 8¢ {po, ti, P14, ti0, P15, P11} -
Second case: dry1(n)=6<Cr(Lp’)

If &r;(n)=0, we can not conclude because the passive rejection capacity Cr(Lp’) is greater than the
residual effect of § at the input place of Lp’. The considered time disturbance is not detectable at t;.

Example 6

Let Lp=(p13, to, po, t1), tie(LpNTonTs), toe(LpNTpTuyo), Lp’=(to, pi4, tio), tioe(Lp’MTyp), dry(n)=1,
M, (Lp(to, t1))=0 and M,,_;(Lp(ty, ti9))=0.
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Lp’ eDIF,(ty) since Sto.(1)=0, St;(1)=15 and St;o.(1)=5.

my0=0, EC(to, t;)={Lp(to, t1), Lpi=(to, P14, tio, Pis> ti1, Pi6> tiz, Pios 6 Pits 75 P75 G35 Pas ta, Ps, ts, P15 1)},
Cr(Lp(ts, t1))=7, Cr(Lp))=18+8+9=35, H'(ty, t,)=7+1=8 and Cr(Lp"(ts, t10))=Cr(Lp’y=0<H’(ts, 1,).

If 8ry10(n)=0, the conditions of (11) are satisfied. The results are 8¢ {p3, to} and Sr(n)<H’(to,t;).

Using (5), we can conclude that 8¢ {ps, ts, P12, P13, to}. Finally, 5 does not belong to the set: {ps, ts, p12,
P13, to}.

If 8ry10(n)=0, the conditions of (12) are satisfied. The result is d¢ {po, t;}.

Lemma 5: Let teTo, t¥*eTo and LpeEC(t*, t). If (dr(n)#0 and Ory«(n-M, (Lp))#0) then
Sg[EC(t*,0)\{t*}].

Proof: If the disturbance de[EC(t*,t)\{t*}], necessarily the token subject of this disturbance has crossed
the transition t* at the instant St*(n—M,,_;(Lp)) with a null residue: dr(n—M,_(Lp))=0.

3.2. Localization algorithm of time disturbances

The above lemmas will be used to build a localization algorithm of a delay time disturbance & which
residue dry(n)=0 is quantified at the transition ty,. Despite the fact that no proof of the algorithm is
provided, it is easy to check that all the algorithm conditions ensue from the lemmas results. The
algorithm is now presented.

Ew={LpjeCs/ toeLp;j}
tao=to
Fi(Lpj, tao)
{For each Lp;eEy Do
{t*=("°tsoN Lpy)
While t*eLp; Do
{If t*€To Then
{If tyo€Ts then apply lemma 1
Else apply lemma 3
If formula (3) is applied Then Stop
If it is possible, apply lemma 2

tdo:t*

}
Else

{If t*eTp Then
{Apply lemma 4
If formula (9) is applied Then Stop
If it is possible, apply lemma 2

=t
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Ew={Lp’;eCs/ t*eLp;}
For each Lp’;€Ew Do Fo(Lp’j, tao, t*)
}
H
Fa(Lp’) tao, )
{If t*€To) Then
{If 6r+=0 Then
{If t4o€Ts Then

|\
(e[ =" (LAN(L),t*)} ] with Ie={L;eCs/ t*eL;}

Partial Stop

Else
{If there is no synchronization transition in EC(t*,ty,) other than t* Then
{6eEC(t*,t4,)\{t*} according to Lemma 2
Stop

}
Else

|\
{Lemma 2 gives [ " <" {Li(IN°°(L;),t*)}]

Partial Stop

Else
{If 0<®r=<H’(t*,t4,) Then

|\
(e[ M1 {LI(IN°O(Ly),t%)} ] )JUEC(t 1)

Partial Stop
H
If 8r=H’(t*,t4,) Then
{82 EC(t*,tg,)\{t*} according to Lemma 5

td(,:t *

For each LpjeE 4, Do Fi(Lpj, t4)

Else
{For each Lp;eEx Do
{t*=(t*n Lp))
If 6r+=0 Then
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Lk-él*
(B[ 1 LANL).)}]

Partial Stop
}
Else
{If 0<Bru<H’(t*,t4,) Then

|\
{8 [ {Li(IN(L),t%)} TUEC(t* o)

Partial Stop
}
If ors=H’(t*,t4) Then
{82[EC(t*,t3,)\{t*}] according to Lemma 5
tgo=t*
For each LpjeEy, Do F(Lpj, tao)
}

}

In order to localize the time disturbance occurrence, mono-synchronized subpaths are tested one by one.
The algorithm converges since their number is limited.

4. Conclusion

This paper deals with time disturbances localization in critical time manufacturing job-shops. In such
systems, operation times are included between a minimum and a maximum value. Controlled P-time Petri
nets are used for modeling. Some definitions and a series of lemmas are quoted in order to build a theory
dealing with such problem. They are illustrated step by step on examples of a given workshop. A new
algorithm built upon the lemmas results is provided in order to localize time disturbances occurrence.

It should be mentioned that the problem of time disturbances localization is really difficult. The
established algorithm gives in the general case only a partial localization. Thus, it is without surprise we
note that the instrumentation and the positioning of sensors are key problems for the workshops with time
constraints.

The localization of time disturbances gives information concerning the state of the production line. It
allows a functional diagnosis.

The complexity and the optimality of the given algorithm must be studied in future works. Also, the considered
topology needs to be extended to cover the field of multi-product job-shops with assembling tasks.

REFERENCES

1. CALVEZ, S., AYGALINC, P. and BONHOMME, P., Proactive/Reactive Approach for
Maintenance Tasks in Time Critical Systems, 10™ IEEE International Conference on Emerging
Technologies and Factory Automation (ETFA’2005), Catane, Vol. 1, pp. 947-953, September 2005.

2. COLLART DUTILLEUL, S. and CRAYE, E., Performance and tolerance evaluation,
SAFEPROCESS'03, IFAC Symp. on Fault Detection, Supervision and Safety for Technical

Studies in Informatics and Control, Vol. 16, No. 1, March 2007 31



10.

11.

32

Processes, Washington, June 2003.

BOUFAIED, A., SUBIAS, A. and COMBACAU, M., Chronicle modeling by Petri nets for
distributed detection of process failures, IEEE Conference on Systems, Man, and Cybernetics
(SMC’02), Hammamet, October 2002.

DECLERCK, P. and DIDI ALAOUI, M K., Modelling and analysis of P-time event graphs in the
(min, max, +) algebra, IEEE Conference on Systems, Man, and Cybernetics (SMC’04), The Hague,
Vol. 2, pp. 1807—1812, October 2004.

JERBI, N., COLLART DUTILLEUL, S., CRAYE, E. and BENREJEB, M., Observability of
Tolerant Multi-product Job-shops in Repetitive Functioning Mode, 17" IMACS Word Congress
on Scientific Computation, Applied Mathematics and Simulation (IMACS’05), Paris, July 2005.
KHANSA, W., AYGALINC, P. and DENAT, J.P., Structural analysis of P-Time Petri Nets,
Computational Engineering in Systems Applications (CESA’96), Lille, pp. 127-136, July 1996.
LONG, J. and DESCOTES-GENON, B., Flow Optimization Method for Control Synthesis of
Flexible Manufacturing Systems Modeled by Controlled Timed Petri Nets, IEEE International
Conference on Robotics and Automation, Atlanta, Georgia, Vol. 1, pp. 598—603, May 1993.
LAFTIT, S., PROTH, J.M. and XIE, X., Optimisation of Invariant Criteria for Event Graph,
IEEE Trans. on Automatic Control, Vol. 37, No. 5, pp. 547555, May 1992.

COLLART DUTILLEUL, S., DENAT, J.P. and KHANSA, W., Use of Periodic Controlled Petri
Net for Discrete Event Dynamical System Control Synthesis, ECC’95, Rome, pp. 2060-2065,
September 1995.

HILLION, H.P. and PROTH, J.M., Performance evaluation of job-shop systems using timed
event graphs, IEEE Trans. on Automatic Control, Vol. 34, No. 1, pp. 3-9, 1989.

JERBI, N., COLLART DUTILLEUL, S., CRAYE, E. and BENREJEB, M., Localization of Time
Disturbances in Tolerant Multiproduct Job-shops Without Assembling Tasks, Computational
Engineering in Systems Applications (CESA’06), Vol. 1, pp. 45-50, Beijing, October 2006.

Studies in Informatics and Control, Vol. 16, No. 1, March 2007



