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mainly in the extreme difficulty of checking whether an integration
preserves the desired properties. Modular modeling approaches can
be considered as bottom-up approaches.
In this paper, we adopt the modular approach proposed in [5]. It
is a resource-oriented approach and contains three steps. The first
step consists in modeling the dynamic behavior of each resource
using Resource Control Nets. An RCN is a strongly connected state .
machine with one place being marked initially. It is bounded, live arfd9- 1+ Petri net
reversible. The second step consists in modeling the interactions be-
tween various resources by merging common transitions and common
transition subnets. The third step checks whether the properties of the subset of places$ is called asiphonif ¢S C Se, i.e., any input
module models are preserved. Contributions of this paper concensition of S is also an output transition . It is called atrap if
step 3, the most difficult step. Siphons, structural properties of teg O Se. A siphon isminimal if it does not contain other siphons.
net, are used to characterize the reversibility and the liveness of f1ge net of Fig. 1 has four siphongpa, ps, pa. 05}, {01, p3, 04},
integrated model. In particular, it is shown that the integrated modg}, , ps, p.,ps Y, {p1,p2.p3,pa,ps} and 4 traps:{pz,pa,pa.ps},
is reversible iff no siphon in it can eventually become empty. Thgy,, po, ps}, {p1.p2.ps.p1}, {P1.02.03.pa.05}. {p2, 03,01, p5}
latter condition of large resource control systems can be checkged {p,,ps, p,} are minimal siphons.
using various mathematical programming techniques proposed in [3]The following property (see [10]) shows the importance of siphons
Results of this paper are compared with those based on circular-wgitl traps in the detection of deadlocks.
proposed in [5]. Property 1: A siphon free of tokens at a marking remains token-
This paper is organized as follows. Section Il presents basic notigfée whatever the transition firings; A trap marked by a marking
of Petri nets used in this paper. Section Ill introduces RCN'’s angmains marked; For any marking such that no transition is enabled,
RCN-merged nets. Section IV is devoted to the analysis of RChhe set of empty places forms a siphon.
merged nets using siphons. Section V establishes relations betweem the following, a markingd such that no transition is enabled
siphons and circular-wait. Section VI presents a manufacturing €x-calleddead marking A siphon S that eventually becomes empty
ample. is calledpotential deadlockFrom Property 1 and from the definition
of minimal siphons,
Il. BAsIiC NOTIONS OF NETS Property 2: A Petri net is deadlock-free if no minimal siphon

Consider an ordinary Petri nét = (P, T, F, My) where P is the ~€ventually becomes empty. _ _ _
set of places T is the set oftransitions F C (P x T) U (T x P) Condition of Property 2 holds if every siphon contains a trap
is the set ofdirected arcs and My : P — A is theinitial marking, marked by, i.e., theCommoner conditiornolds. Unfortunately,

where\” is the set of nonnegative integers. The set of input (resfh.d0€s not hold for most Petri net models of many systems with
output) transitions of a plageis denoted byp (resp.ps). Similarly shared resources. Deadlock-freeness of Petri net models of systems

the set of input (resp. output) places of a transitiés denoted byt with sha_red resources has been ext(_ansively studied in [3]. Results
(resp.te). For any subset of placek oS (resp.Se) denotes the set of N€€ded in this paper can be summarized as follows.
transitions with at least one output (resp. input) place belongirfy to  Property 3: A siphon$' can never become empty if either it con-

A transitiont is enabledand can beired under a marking/ iff ~ t&ins a marked trap oF'(S) > 0 with FI(S) = min{3_, s M(p) |
M(p) > 1,¥p € ot. The firing results in removing one token from™ = Mo +CY, M > 0,Y > 0}. .
each of its input places and adding one token to each of its outpufNOte that a mathematical programming approach was proposed
places. A marking}!’ is reachablefrom M iff there exists a firing 1" [3] @s well to avoid explicit enumeration of siphons. It allows
sequence of transitions fromM to M'. This givesM’ = M +C%, ©ON€ to chgck large Petri net models using powerful mathematical
whereC' = [c;,] is called theincidence matrixsuch that;; = 1 if ~Programming software packages.
t; € epi\p;e, cij = —1if t; € p; ¢\ e p;, andc;; = 0, otherwise;
and 7, called thefiring count vector is a vector whosé-th entry
denotes the number of occurrencestpin . The reachability set IIl. RCN-MERGED NETS
R(M) denotes all the markings that are reachable fiam The modeling methodology proposed in [5] is resource oriented

A transition ¢ is said to belive if for any M € R(M,), there and is modular. The main steps include the modeling of the behavior
exists a sequence of transitions firable frdth that containst. A of each resource using Petri nets, and the integration of resource net
Petri net is said to be live if all the transitions are live. A Petri net immodules by taking into account interactions among resources. In [5]
said to bedeadlock-fredf at least one transition is enabled at everyas well as in this paper, each resource is modeled using Resource
reachable marking. A placeis said to beboundedif there exists a Control Nets and the integration is realized through merging of
constantll such thatM (p) < K for all M € R(M,). A Petri net common transition subnets
is said to be bounded if all the places are bounded. It is said to beDefinition 1: A Resource Control Net (RCN) is a strongly con-
structurally boundedf it is bounded whatever the initial marking is. nected state machingP, T, F, M) in which there exists one and
A Petri net is said to beeversibleif, for any M € R(My), My is only one place, € P, calledresource placgsuch thatMy (pr) # 0.

reachable from}M . The remaining places are calleperation places
State machineare Petri nets such that € T : [te| = |et| = 1. Definition 2: A transition subnetG., = (P.,T., F., M.o) of a
Marked graphsare Petri nets such th&y € P: |[pe|=|ep| = 1. Petri netG is a subnet ofG such that input transitions and output

A state machine compone6t = (P',T', F', M{) of a Petri netG  transitions of any place € P. are transitions iff,,. In other words,

is a state machine and is a subnet(dfconsisting of places id', the places of a transition subnet are local.

their input and output transitions, and the related arcs. A Petri netDefinition 3: A Petri netG' = (P, T, F, My), obtained by merging

is saidstate machine decomposalilét is covered by state machine n RCN's {G; | G, = (Ps,Ts, Fs, Ms0), s = 1,...,n} through
components. common transitions and common transition subnets, is a net such
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Fig. 2. An example (from [5]).

P : \|/ q

thattP =P U---UP,, T=T,U---UT,, F=F,U---UF,. v
Mo(p) = M.o(p) if p € Ps. Clearly, in the integrated modét, the
common elements of any two RCN'’s form a transition subnet. In thgg. 4. Usual model for failures and rework.
following, G' will be called anRCN-merged net

Fig. 2 is an example taken from [5]. It allows us to illustrate the ) o
approach of this paper and to compare our results with those obtaifie@"d ¢ does not change the properties of the model and eliminate
in [5]. The net is obtained by merging 7 RCN's. Plagas p.., p;, the loop containing> and g.
ps, Do, p12 and pis are resource places and the other places are
operation places.

By construction, an RCN-merged net is State Machine Decom- IV. PROPERTIES

posable. Each RCN is a state machine component. The number qf s interesting to see that reversibility of an RCN-merged net
tokens in any state machine component remains constant WhatVef pe easily checked using siphons, properties usually used to
transition firings. Hence, characterize deadlocks.

Property 4: An RCN-merged net is conservative and structurally Theorem 1: Suppose that Restrictions 1-3 hold. Théhis re-

bounded. . B o . ~ versible iff no siphon ofG' can become empty.
In the following, additional restrictions concerning the merging of  proof: (=) Obvious since any siphon contains at least one

RCN's are considered. » _ resource place, any resource place is marked/atand the net is
Restriction 1:At each common transition, there exists at most ongyersible.

input place that is an operation place. ' (<) Consider a markingy/, reachable fromM/,. We show that
Restriction 2:Common transition subnets should not include reyz; can be reached starting froff;. Consider as well the ne*.

source places. _ From the structure of the né&¥ and Restriction 3(* is an acyclic
Restriction 3:The Petri net7* derived from the inetgrated modelgraph and its extremity nodes are transitions. Hetbe the set of

G by removing the resource places is an acyclic graph. source transitions ofi*. Clearly, H is a subset of transitions of net

Restrictions 1 and 2 were considered in [5] as well. We repe@tand the input places of any transitionihare resource places .
explanations given in [5] for completeness. A transition that has morejn order to showM, € R(M;), starting fromM;, we apply the
than one operational input place corresponds to the synchronizatipmhg policy F which consists in not firing transitions if. When
of parallel processes or the assembly of several components. Agpplying to the ne6*, the firing policy F' stops after a finite number
result, Restriction 1 is restrictive and its relaxation is an issue gf firings. Since@* is obtained from& by removing resource places,
future research. any sequence of transitions firable @ is also firable inG*. As

Restriction 2 is natural for our approach that is resource-orientegd.result, a marking at which none transition 6f can fire under
Since each type of resources is represented by an RCN where fiig policy F is reached in a finite number of steps. it be this
resource place corresponds to the resource availability, it is thmarking.
reasonable to associate with each type of resources a resource plagesom the definition of\/, no transition in7’ — H is firable atM
leading to Restriction 2. From this perspective, it seems restrictiveitpthe netG. If M # My, we show in the following that there exists
assume that, in each RCN, only the resource place is initially markegh empty siphon. This contradicts the assumption of the theorem and
Notice that a token in an operation place implies that a resource isdoncludes the proof.
use. In most manufacturing systems, there exists a state such that al the remainder of the proof, we assume thdt # M, and
resources are available and there is no work-in-process. We choesgstruct the empty siphon. The construction starts from thé st
such a state as the initial state. It is then natural that only the resouRIEN’s with empty resource places &f, i.e. B = {s | M(ps.) =
places are initially marked. 0,s = 1,...,n}. We first prove by contradiction thaR # ¢.

Restriction 3 is motivated by the fact that the G&t, obtained by Assume thatk = ¢, i.e. every resource place is markedit Since
removing resource constraints, models flows of material or informa# # M,, at least one operation plageis marked. According to
tions. These flows are usually acyclic and situations of Fig. 3 shouRkstriction 1,p is the unique input place of all its output transitions
not happen. Unfortunately, Restriction 3 rules out the possibilithat is an operation place. As a result, any transitiopeiris firable
of rework and resource failures. Nevertheless, some common R@NV/. Since transitions ipe do not belong taf, this contradicts the
models with rework and resource failures (see Fig. 4) can still mssumption that no transition ifi — H is firable atM and implies
taken into account. For the model of Fig. 4, the reduction of placésat R # ¢.
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For each element in R, let S, be the set of places of P, such
that M(p) = 0 and that there exists a pathin G, connectingp
to placep., with M(~) = 0. For any input transitiort of a place
p in S,, sincet cannot be fired using policy’, the following three N
cases are possibl€ase 1t € p,,.e for somes’ € R including the 12 t4
cases’ = s, i.e.t is an output transition of an empty resource place;

Case 2t € ge for someg € P, such thatM (¢) = 0 which implies

q € S, i.e.t is an output transition of a place ifi; and Case 3 . . . .

t € H, i.e. all input places of are resource places, which leads toF'g' 5. RCN-merged net that is reversible but not live.
t € ps-® Sincet is a transition ofG..

From the above reasoning, any input transition of a place belonging
to S = |J,cr S- is an output transition of a place ifi. HenceS is

tl

a siphon and is empty at/. O
Consider the Petri net of Fig. 2. It has three minimal siphons
that do not contain marked trap$i = {ps,ps,Ps,P11,D14, D15,

pr}t. S2 = {ps.p3.Pe.p11.p14.pis.ps} and Ss = {ps.ps,pe.

P11, P14, P10, p7 }. From Property 3, the condition of Theorem 1 holds
if F'(51) > 0,F(S52) > 0andF(S3) > 0. Asin [3], these conditions Fig. 6. An FCF-component.
can be expressed explicitly in terms of the initial marking. For this
purpose, conditionf'(.S;) = 0 is considered. It corresponds to a

. X . . . . resource A resource B
set of equations/inequalities. Solving the equations and replacing the ol o4
results into the other relations prove th&{S;) > 0, F(S2) > 0
and F'(S3) > 0 iff
(Sz) 2 S
(nE >nG)V(nA>nC)V(nB>nF +nD), 1) ps
(nE > nG)V (nB > nF), (2) A
, 3 p
(nA > nC)V (nB > nD,). ?3) P

It can be shown that conditions (1-3) are necessary as well. Th&gg 7. Counter example.
conditions are less restrictive than the following condition obtained in

[5] using circular-wait{(nA > nC)V(nB > nF+nD))A((nE > -

nG)V(nB > 77F—|—nD)(). The sugeriority of siphon-b)ased(approach WIM—H 22 |a{ e I_’lAGVI v

will be confirmed in Section V. w2 MiorMzl o 5y L[ M4 —pfacv]
Clearly, if the net is reversible, then any token in an operation

place can be brought back to its related resource places and the net is W3 | M3 Bl [‘W—] AGYV | 3

deadlock-free. Furthermore, if tokens in a given place can no longer
moved forward, using the same arguments, it can be shown that:Fig. 8. BOM of I/;, Us, and Us.
Corollary 1: Suppose that Restrictions 1-3 hold. Then there exists
a markingM € R(My) and a place such thatdM (p) > 0 and tokens Let us show that. is firable atM;. First, M (p:) = 1. From
in p can no longer move forward iff siphons 6f can become empty. Restriction 4,p; is the only operation place marked &f;. This
Finally, let us notice that conditions of Theorem 1 and Corollaripgether with the conservation of RCN'’s implies th¥f (p..) =
1 can be checked using Property 3. Mo (psr) for all s such thatp; ¢ P,. From Restriction 1, any input
Under the reversibility, the RCN-merged ri&tis deadlock-free iff place oft, exceptp; is a resource placg,,. Clearly,p; & Ps, for
the initial marking is not a dead marking, i.e. at least one transiti@l G; such that,, € t,. This implies that is firable at},. Let
can fire. Furthermore, the liveness of the integrated model reduces\fe be the marking obtained by firing.
its potential liveness, a property easier to check. Similarly, it can be shown thats is firable atMs, ..., andt is
In view of Theorem 1, it is obvious that: firable atM;,. O
Theorem 2: Suppose that Restrictions 1-3 hold, th&is live and Consider now the case where Restriction 4 does not hold. Checking
reversible iff no siphon o7 can become empty and every transitiorpotential firability becomes difficult as firing any transition not ful-

can fire at least once, i.e. every transitiorpitentially firable filling Restriction 4 creates parallel processes. The potential firability
The following results can be used to check the potential firabilig not always true as shown by the net of Fig. 5. It is obtained by

of the transitions. merging two RCN'’s. Restrictions 1-3 hold but Restriction 4 does not
Restriction 4:At any common transition, there is at most one outpuiold. The net is reversible but transitioxn cannot fire.

place that is an operation place. One way of verifying the potential firability of a given transitiois
Theorem 3: Suppose that Restrictions 1-4 hold, then any trandie check whether a sequence of transitions containican be found

tion of GG is potentially firable. by either explicit enumeration or heuristic search. In the following,

Proof: Under the ongoing condition&;™ is an acyclic Petri net we use instead structural properties of the net. The basic idea is to
such that all extremity nodes are transitions and that any transitimmove the nondeterminism of the RCN-merged net by choosing for
has at most one input place and at most one output place. each operation place an output transition and to study the liveness of

For any transitiont, there exists at least one elementary patthe resulting nets. This leads to the notionFafrward-Conflict-Free
tipiteps ... teprt in G* connecting a source transitiontoConsider componentgor FCF components).
now the Petri ne. Clearly,tipitap2. .. tipit is an elementary path  Formally speaking, an FCF-component; of a net vV is a
in G as well and all input places of are resource places. As a resultsubnet generated by a subggt of transitions having the following
t, is firable atd, and letA; be the marking obtained by firing. properties: i) each place iV, has one output transition and at least
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(d) AGVs

(g) Ml (h) M2
'@: p34 ;@: p3€ :o: p36 ;G p37 :P p38
” . w " w
() M4

(m)R

Fig. 9. RCN modules.

one input transition; ii) a subnet generatedyis the net consisting of G generated by transitions iih. Clearly, f(N) can be derived
of transitions in73, all of their input and output places, and theirfrom N by adding resource places that are input or output places of
connecting arcs. transitions in7".

Fig. 6 is an FCF-component of the &t generated by transitions Theorem 4: Suppose that Restrictions 1-3 hold, a transition
{t1,t2,t3,t4,t5}. It is conflict-free because it does not contain ¢ is potentially firable if there exists an elemedf in R
From this examples, an FCF-component is not always a marked grapich thatt is in N and that no siphon off(N) can become
and a place in it may have more than one input transition. empty.

Since G* is an acyclic graph and all its extremity nodes are  Proof: From Lemma 1, there exists an FCF-componé¥t
transitions, any FCF-component ¢ is an acyclic FCF whose containing¢. Let us notice tha]f(\/) is also a net that results from

extremity nodes are extremity nodes @f. Further, merging a set of net§ = {G. | G, = (., T.. FS,MOS) Vs/psr €
Lemma 1: Suppose that Restrictions 1-3 hold, the PetriGétis f(A)}. Eachd, is the intersection of7, and f(_\f), and has the
covered by FCF-components with root nodes. following properties:

Proof: Let t* be any transition of5". We construct an FCF-  « 7, = 7N 7T,,P, = Pn P.:
component containing™. First, there exists at least one elementary « For anyt € 7., since N is a subnet ofG* generated by

pathtipitaps ... txprt™ in G connecting a source transition 0. transitions inT’, the input (resp. output) place ofin G, is
SetP” = {pi,p2,....px} andT™ = {ti,t,... .t t"}. Repeat the a place inP if it is an operation place. In any case, both the
following recursions until convergence & and7™: input and output places dfin G. belong toP;;
e For everyt € T*, setP* = P~ U te; . For anyp € PN P, all its input and output transitions in
» For everyp € P* such thatpe NT* = ¢, setT™ =T" U {t} N are transitions ini. due to the merging through common
with any ¢ € pe. transition subnets. Hence, it has one outgoing arc and at least
The set of places of the subn&t" generated by transitions ifi* one incoming arc inG..

is P* since any transition i" has at most one input place. From These properties together with Restriction 3 imply that any node

the construction, any place iN* has one outgoing arc and at leastn G, can be reached from,,. and vice versa. Hencé;, is an RCN

one incoming arcN™* has a unique source transition Furthermore, and f(A) can be considered as a net that results from merging a

any node inV* can be reached from andt; is a root. O set of RCN’s through common transition subnets under Restrictions
Let R be the set of FCF-components with root nodes76f For 1-3. According to Theorem lf,(N) is reversible if no siphon in it

each of its element&V = (P,T.F.M,), let f(N) be the subnet can become empty.
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P22 123
O
Pai @4
124
O

Fig. 10. System model.

Let us show that it is live as well. It is enough to show that every Theorem 5: Suppose that Restrictions 1-3 hold. If there exists a
transitiont is potentially firable. From the property af, there exists siphon.S’ that can become empty, then:
a pathtipifaps ... tepit in NV wheret, is the root transition of 1 there exist M@ € R(M,) and a circular structure

N. Clearly it is firable atMo. Let M1 be the marking obtained (D1, Dorrs D2s Pagrs e v s Peopsur} such that M(p:) > 0
by firing ¢1. Since f(N) is reversible, there exists a sequencef and Ml(p 3 ) :20 fof all iy
transitions leading; to Mo. SinceN is an FCF i1 is the unique 5 oo ovicte o circular-wait

output transition op; fori =1,..., % in both N andf(N). Hence,
S Mi(pi) < o8, Mo(pi)+3]t]. From the definition ofi/; and
Mo, Mi(p1) = 1, Mi(p;) = Mo(p;) =0,V1 < i <k, 1< j <k
Finally, #[{] > 1 which implies that every transition of (V) is
potentially firable. O

Proof: Let M, € R(M,) be a marking at which siphos’
is empty. Similar to the proof of Theorem 1, it possible to find a
marking M such that any transitiom ¢ H, where H is the set
of source transitions of7*, is not firable atd/. Further, the set
R={s| M(psr) = 0,5 =1,...,n} is not empty.

To prove Claim (1), consider any; € R. Clearly, there exists
V. SIPHONS CIRCULAR STRUCTURE, AND CIRCULAR-WAIT p1 € Py with M (p1) > 0. Consider any output transition of p;.

The notions of circular structure and circular-wait were introduce%mce'jl ¢ H, itis not firable and has_at least one |npgt place that is
in [5], [6] for analyzing liveness and reversibility of RCN-mergec®" €MPLy resource place. Let, be this place. Repeating the above
nets. Our purpose here is to show relationship between siphons BfRFESS leads to a set of pladgs, », p1:- -+ Psyrs Pk Psy i1 } SUCH
these notions. First, recall that a circular structure is a set of pladB8t M (ps;») = 0, M(p:) > 0, pi € G- andp; andps, ,, share
CS={P1.Dsyr+D2.Dsgrs Pk Doy v} SUCh thaty, € Gi,rr, i €  COMMON output transitions. The process stops whea I, , for
G.,,V1 < i < k, andp; and p.,. share at least one commonsomel < ! < k. The circular structure that we are looking for is
output transition. Acircular-wait is defined by a set of circular {Pi,Psi 1rs- - Paprs Phs Pagyyr -
structuresCS,...,CS,, and a markingd € R(M,) such that: Consider now Claim (2). We first construct a directed gréigh4).
>per,, M(p) = Mo(pre), Vo € W whereW is the set of RCN's The set of nodes corresponds to empty resource places and their
whose resource places belong to the circular structure®anis the marked operation places, i.€. =V, UV, with V. = {p,, | s € R}
set of operation places @. that belong to the circular structures. andV,, = {p € |J,cr P> | M(p) > 0}. There is an arc from any
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TABLE |
MEANINGS OF PLACES IN RCN MoODULES.

2 p3 o

p5 6 p6 7 p7 t8

p1 Free kanbans associated with products Uy. 23
P2 Parts W1 to be processed.
D3 Parts W1 being processed on Ms. pen p22
P4 Parts Wi being processed on Ms. 0 30
P.
Ps Parts W1 in Bs.
pe  Parts Wi being processed on Ma. Fig. 11. FCF component of the system net.
7 Parts W; having been processed.
ps  Free kanbans associated with products Us. repeated until no node can be removed. Clearly, the iterative process
ps  Parts W5 to be processed. cannot remove nodes belonging to a circuitin A4). The final graph
pio  Parts Wa being processed on Mj. (V',A") is not empty as a consequence of Claim (1). Furthermore,
7t P in int!

p11 Parts Wy being processed on M. for any ”09',91’8; € V', all marked places.lrd;s remain inV"’.

P W in B Since (V', A") has not source nor sink node, every node be-
P12 arts Wa in Ba. longs to an elementary circuit. Hence, the set of circular struc-
p13  Parts Wy being processed on My. turesCS,, ..., CS. corresponding the set of elementary circuits of
p1a  Parts Wj having been processed. (V',A") contains all resource places,. € V' and their related
p1s  Free kanbans associated with products Us. marked places. From the property O_f RCNquPOS M) =

Parts W to be processed Mo(psr). CS,...,CS, and M form a circular-wait. O
e srovep ' We notice that Theorem 5 holds as well for Petri nets generated
pi7  Parts W3 being processed on Ms. by FCF-components, i.ef(V). Furthermore, any circular structure
pig  Parts W3 in By. (resp. circular-wait) off (V) is a circular structure (resp. circular-
p1o  Parts W3 being processed on Mj. wait) of G. As a result,
p2o  Parts W3 having been processed. . C_:orollary 2: Su_ppo_se_ that Restnctlons_ 1-3 hO|Fi. The PetriGet

. is live and reversible if it does not contain any circular structure or
p21  Available AGVs. . . .
there is no circular-wait.

p22 Unloading of U. From Theorem 5, the existence of a siphon that can become empty
p23  Unloading of Us. implies the existence of a circular-wait. However, the converse is
p24  Unloading of Us. not true and the existence of a circular-wait does not implies the

. . existence of deadlocked situations. This is true when an operation
p2s  The remaining capacity of Bj. .

o ] place has more than one output transition and at least one of them
p26  The remaining capacity of Bs. is not involved in the circular-wait. A counter-example is given in
p2r  Available machines in M;. Fig. 7. The reachable markidg = (0,1,0,0,1,0)" and the circular
pag M) waiting for being available or maintained. structure{p., p4, ps, p1} form a circular-wait. However, the net is
p2s My waiting for being available or maintained. live apd.reversmle. It can bg chfecked using results.qf th!s paper..Flrst,

M bei ntained using B Restriction 4 holds, which implies that every transition is potentially
p3o 1 being maimntained using ft. firable. There are two minimal sipho#$:. p2.ps} and{p4, ps, ps }.
P31 Available machines in Ma. Each of them is a marked trap as well. Hence, by Theorem 2, the
p32 Mgz waiting for being available or maintained. RCN-merged net is live and reversible. From the above comments,
p3s Mj being maintained using R. we conclude that the r_esults of this paper are stronger than those_ of
. L. [5], [6]. Furthermore, siphon-based conditions can be checked using
p3s4  Available machines in Mj. . . . .
Property 3 or mathematical programming techniques proposed in [3].
p3s  Available machines in Mj.
p3s M available. VI. AN EXAMPLE
ps7  Available machines in Ms. This section presents an example that does not satisfy Restriction 4.
pas R available. Consider a simple manufacturing system that produces three product
types, Uy, Uz, and Us, from three raw part typesiV,, Ws, and
W3s. Fig. 8 shows the BOM (Bill of Material) ol/;, Uz, and Us.
resource place.. to every marked place i&v;. There is also an arc There are six machine typed;,i = 1,...,6 with 2, 1, 2, 2, 1, and

from a placep € V, to a resource placg,. if they have a common 2 identical machines, respectively, two intermediate buff@rsand

output transition. Clearly, any node I has at least one outgoing B with capacities ob; andb., respectively, and identical AGV's.

arc and any node i, has at least one incoming arc. Further, sincéf; and M, have a special requirement that after each operation is

any output transition of places i¥i, is not a source transition, it is finished, they may be maintained by a shared ra®dbr replacing

not firable and has an input place that is an empty resource place.a®sonsumable component (this maintenance process is often found in

a result, any node i¥, has at least one outgoing arc. Clearly, angemiconductor manufacturing). AGV’s handle the unloadind’of

circuit in (V, A) corresponds to a circular structure.
We now define another grapiV’, A’) as follows. Starting from Kanban system with three types of kanbahs, K-, and K, for

(V. A) and a nodep,, € V.. that is a source node, we remoyg-

U, andUs. The production oft/y, Uz, andUs is controlled by a

U, Us, andUs, respectively. The numbers of initial free kanbans

and nodeg € V, having onlyp,, as predecessor. This process ifor K, K,, and K3 are ki, k2, and ks, respectively. From the
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manufacturing resources and their respective processes in the BOM]
we can construct their RCN modules, as shown in Fig. 9, where
dotted areas are common transitions and common transition subnets,
denoted with the same labels. Table | shows the meanings of the
places while the transitions denote the start and/or end of some
operation. After merging the modules, we obtain a system moddf]
in Fig. 10.

It can be verified that the system net only has one minimah]
siphon that does not contain a marked tr&fd: = {ps, 12, P26,
pa27. P2s, P29, P30 ;. From Property 3, the condition of Theorem 1
holds if F(S1) > 0. After some algebraic manipulations, it can be [8]
shown thatF(S1) > 0 iff

(k1 < ba) V (k2 < 2). 4 (]

It can be shown that condition 4 is necessary as well
Thus, the net is reversible iff condition 4 holds. If it [10]
does not hold, ie.,(kv > b2) and (k2 > 2), then the
sequence tit (toty ) 2 g rmin ik bz ma 2hykoy2 ymintka =20} - \yhere  [11]
a = min{ks — b2, 1}, leads to a deadlock such that all transitions
except those related 63 (i.e., t17, tis, t19, t20, f21, ta2, andtas) 1
are not firable forever. Since Restriction 4 is not satisfied, we sztz]
generate FCF components to check the potential firability of eagts)
transition. For example, the net of Fig. 11 is an FCF component
N, of the resultant netz* after the resource places are removedt4]
from the system netf(N:) is the resultant net after the resource g
places are added t&;. It is a marked graph and is live iff every
resource place is initially marked. As a result, every transition in
N, is potentially firable. Similarly, it can be shown that transitions
not in Ny are potentially firable as well. Therefore, the system net
is live if condition 4 holds.

VII.

In this paper, we have analyzed Petri nets resulting from merging
Resource Control Nets introduced in [5]. Our analysis has been based
on siphons. It has been shown that a RCN-merged net is reversible
iff no siphon in it can become empty. Under the reversibility, the
liveness of the RCN-merged net reduces to its potential livenessy,
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Assessing Determinism of Photo-plethysmographic Signal

Joydeep Bhattacharya and Partha Pratim Kanjilal

bstract—A study was performed to analyze the signal obtained
m a noninvasive photo-plethysmographic device from four subjects

each transition in the net does not create parallel processes, thejfglfferent clinical conditions. With the help of the theory of nonlinear
is proven to be potentially live. Otherwise, the analysis is based dynamics, it is verified that the cardiovascular dynamics is dominated

the notion of FCF components. Finally, relations between siphory, an underlying chaotic attractor. A new robust and computationally

circular structure, and circular-wait have formally been establishe
The results in this paper have been compared with those in [5]. T.
superiority of the former has been shown.

We notice that the number of siphons to be examined grows
exponentially with the number of RCN'’s involved. Therefore, tg,
apply the results of this paper to synthesizing large resource control
systems, one could use the mixed-integer programming approach
proposed in [3] for checking, without explicit enumeration of siphons,
the existence of potential deadlocks.

icient method is presented for the detection of the hidden deterministic
fucture of a time series. It is shown that the degree of chaos as well
the underlying determinism is directly related to the subject’s clinical
stability.

Index Terms—Blood pressure waveform, cardiovascular systems, de-
rminism, nonlinear dynamics, singular value decomposition.

|. INTRODUCTION

The analysis of physiological time series can be used to iden-

tify hidden dynamical information leading to new insights into the
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