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Comparison of Two Deadlock Prevention Methods for
Different-size Flexible Manufacturing Systems

Zhiwu LI and MengChu ZHOU

Abstract- The competition for limited resources can produce
deadlocks in flexible manufacturing systems (FMS). Petri netsare an
effective way to model, analyze, and control deadlocks in FMS. Our
previous work proposes elementary siphons as an important concept
in investigating the deadlock problems in Petri nets. This paper
presents an elementary siphon-based deadlock prevention method. It
then performs the analysis of this new policy and a well-established
deadlock prevention policy based on strict minimal siphons. Both
methods are used to solve the deadlock control problems for a
number of FMS with different scales. This paper concludes that the
new policy can always lead to structurally simple liveness-enforcing
net supervisors than the other method.

Index Terms—Petri net, flexible manufacturing system, Deadlock
prevention, elementary siphon.

1. INTRODUCTION

Manufacturers must adapt to changes in the production
environment as well as in the market in order to achieve
and maintain  global  competitiveness.  Flexible
manufacturing systems (FMS), when designed and
operated effectively, can be of assistance to manufacturers
in attaining this goal. In an FMS, different types of raw
parts enter the system at discrete points of time and are
processed concurrently, sharing a limited number of
resources such as machine tools, AGVs, robots, buffers,
and fixtures. Every raw part follows a pre-established
production sequence through the set of system resources.

These production sequences are concurrently executed
and therefore they have to compete for the set of shared
resources. This competition for shared resources can cause
deadlocks, a highly undesirable situation, where each of a
set of two or more jobs keeps waiting indefinitely for other
jobs in the set to release resources. Deadlocks and related
blocking phenomena often cause unnecessary cost, e.g.,
long downtime and low use of some critical and expensive
resources, and may lead to catastrophic results in highly
automated manufacturing systems, e.g., semiconductor
production systems. Hence, it becomes a requirement to

Manuscript received December 14, 2004; revised April 23, 2005
and July 12, 2005. This work was supported in part by the Chinese
Natural Science Foundation under Grants 60474018 and 60228004,
and the Scientific Research Foundation for the Returned Overseas
Chinese Scholars, State Education Ministry of China, under Grant
No 2004-527.

The author is with the School of Electro-Mechanical Engineering,
Xidian University, Xi’an, Shaanxi, 710071, P. R. China (email:
zhwli@xidian.edu.cn).

M. C. Zhou is with the Department of Electrical and Computer
Engineering, New Jersey Institute of Technology, Newark, NJ
07102 USA and also with Laboratory of Complex Systems and
Intelligence Science, Institute of Automation, Chinese Academy of
Sciences, Beijing, 100080 China (e-mail: zhou@njit.edu).

develop an effective FMS control policy to make sure that
deadlocks will never occur in the system. This paper
focuses on the deadlock problems in such FMS.

Digraphs, automata, and Petri nets are major
mathematical tools to characterize, analyze, and control
deadlocks in various resource allocation systems including
FMS. The graph-theoretic approaches are a simple and
intuitive tool, which are suitable for describing the
interaction between jobs and resources even in complex
resource allocation systems and permit the derivation of
detection and avoidance strategies [6, 11].

Finite state automata, as an important and efficient
formal framework to describe the behavior of FMS, are
adopted to establish deadlock control policies in [18, 23,
24]. Many researchers use Petri nets [21] as a formalism to
describe the behavior of FMS [32] and develop appropriate
deadlock resolution methods. The major strategies using
Petri net techniques to cope with deadlocks in FMS are
deadlock detection and recovery [29], deadlock avoidance
[28,9, 13, 2, 10], and deadlock prevention. In FMS context,
deadlock prevention is usually achieved either by effective
system design [32, 31, 16] or by using an off-line
mechanism to control the requests for resources to ensure
that deadlocks never occur. Monitors or control places and
related arcs are often used to achieve such purposes [3, 8,
15,1, 14, 25, 4, 30, 22, 19, 26, 27]. This implies that both a
plant model and its supervisor are in a Petri net formalism.
In particular, for a class of Petri nets, SSPR, Ezpeleta et al.
[8] proposed a prevention control policy by adding
monitors (control places) to a plant Petri net model such
that the final supervisor is live. The monitors are used to
prevent the presence of unmarked siphons that are direct
cause of deadlocks in such a Petri net. However, all output
arcs of the monitors are added to the source transitions of
the plant net model. Since the source transitions in an S*PR
denote the entry points of the processing of raw parts, this
policy is conservative. Moreover, it needs complete siphon
enumeration whose computation is very time-consuming
when dealing with a large-size Petri net model.

Usually, each possibly emptiable minimal siphon
requires a monitor to be added to prevent itself from being
emptied. Unfortunately the number of such siphons in a net
grows quickly and in the worst case grows exponentially
with respect to the size of the net [17]. Hence, the
shortcoming of the existing methods is that they need to
introduce too many additional monitors when the number
of such siphons is large, leading to a much more
structurally complex Petri net supervisor than the plant net
model. To avoid complete siphon enumeration, Huang et
al. (2001) proposed a two-stage deadlock prevention policy.
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At the first stage, a maximal siphon is obtained by mixed
integer programming (MIP). Then a monitor is added for
each minimal siphon derived from the maximal one.
Control-induced siphons can possibly be produced due to
the addition of monitors. At the second stage, monitors are
added to prevent control-induced siphons (if there exist
such ones) controlled without generating new problematic
siphons. This policy can usually lead to a more permissive
liveness-enforcing Petri net supervisor for S°PR than that
proposed in [8].

In this particular research, we develop an elementary
siphon deadlock control policy. Also, we compare the
structural complexity of the liveness-enforcing supervisors
with an established policy in the literature.

The rest of the paper is organized as follows. Section 2
reviews the basics of Petri nets. The concept of elementary
and dependent siphons is given in Section 3. The deadlock
control policy based on elementary siphons is developed in
Section 4. And Section 5 shows the experimental results
through a few different-scale FMS examples. Section 6
concludes this paper.

2. BASICSOF PETRINETS

Petri nets are a graphical and mathematical modeling
tool applicable to many systems. It is a promising tool for
describing and studying information processing systems
that are characterized as being concurrent, asynchronous,
distributed, parallel, nondeterministic, and/or stochastic.
The main definitions related to Petri net models are
introduced in a very compact way. For a complete study of
this subject, the reader is referred to [2], [9], [10].

A Petri net is a 3-tuple N=(P, T, F) where P and T are
finite, nonempty, and disjoint sets. P is the set of places
and T is the set of transitions. F C (PxT)uU(TxP) is called

the flow relation. The preset of a node x € PUT is defined
as *x={yePUT]|(y, x) €F}. The postset of a node xePUT is
defined as x"={y ePUT|(x, y)eF}. The preset (postset) of
a set is defined as the union of the presets (postsets) of
their elements. A marking of N is a mapping M:P—IN,
where IN={0, 1, 2, *=*}. (N, M) is called a net system or a
marked net. M[t> means that transition t can be fired under
M. The set of all markings reachable from a marking M,,
in symbols R (N, My), is the smallest set in which MoeR(N,
My) and M' eR(N, M) if both MeR(N, M) and Mo[c>M '
hold, where o is a friable transition sequence. Let (N, M)
be a net system and N= (P, T, F). A transition teT is live
under My if and only if VMeR(N, M), IM'eR(N, M),
M'[t> holds. N is dead under My if and only if —3teT:
M,[t> holds. (N, M) is deadlock-free if and only if V Me R
(N, My), 3teT, M[t> holds. (N, M) is live if and only if
VteT, t is live under My. (N, M) is bounded if and only if
JkeIN\{0}, VMeR(N, My), VpeP, M(p)<k holds. A P-
vector is a column vector I: P—>Z indexed by P and a T-
vector is a column vector J: T—>Z indexed by T, where Z is
the set of integers. The incidence matrix of N is a matrix

[N]: PxT—Z indexed by P and T such that [N](p, t)=1 if
pe’tt’; [N](p, t)=1 if pet\'t; and otherwise [N](p, t)=0 for
all peP and teT. We denote column vectors where every
entry equals 0(1) by O(1). I" and [N]" are the transposed
versions of a vector I and a matrix [N], respectively. I is a
P-invariant if and only if I#0 and I"e[N] =0" hold. J is a T-
invariant iff J#0 and [N]eJ=0 hold. |[I||={p eP[I(p}*0} (|J||=
{teT|J(t)=0}) is called the support of I (J). A nonempty set
ScP is a siphon if and only if "SC S® holds. ScP is a trap
iff S °S holds. A siphon is minimal iff there is no siphon
contained in S as a proper subset. M(p) indicates the
number of tokens in p under M. p is marked by M iff M
(p)>0. A subset SC P is marked by M iff at least one place
in S is marked by M. The sum of tokens on all places in S
is denoted by M(S), where M(S)=2,-oM (p). A minimal
siphon that does not contain a marked trap is called a strict
minimal siphon.

Let (N, M,) be a net system with N=(P, T, F), let I be a
P-invariant, and ScP be a siphon of N, Siphon S is
controlled by P-invariant I under M iff I'eM¢>0 and {peP
[I(p)>0}<S. Such a siphon is also called an invariant-
controlled siphon [6]. The following properties are known:
(1) If I is a P-invariant of N then VMeR (N, M), I'eM=
I"eMj. (2) Let SCP be a siphon of N. If S is controlled by a
P-invariant I under M,, S cannot be emptied, i.e., VM eR(N,
M), S is marked under M. (3) If (N, M) is dead, the set of
all unmarked places forms a siphon. If no minimal siphon
in N can be emptied, (N, My) is deadlock free.

3. ELEMENTARY SIPHONS

We distinguish the strict minimal siphons (SMS) in a
Petri net by elementary and dependent ones. In the sequel,
[T is used to denote the set of strict minimal siphons, while
[1; and [T, the sets of elementary and dependent ones,
respectively. Unless otherwise stated, we refer to a strict
minimal one when mentioning a siphon.

Definition 1: Let ScP be a siphon of N. P-vector Ag is
called the characteristic P-vector of S iff VpeS, As(p)=I,
otherwise Ag(p)=0.

Definition 2: Let SCP be a siphon of N. ng is called the
characteristic T-vector of S if ng'=Ag"¢[N] holds.

Definition 3: Let S-S, be the siphons in net N. T-
Vectors My, M, ..., and n, form a vector space [n]. The
base of the vector space is denoted by ng={Ngi>» Ns2 ---»
Bk, where k is the rank of the vector space. Then {Sgi,
Smo, ..., and Sgi} is called a set of elementary siphons in
net N.

Definition 4: Let S eIT\g be a siphon in a netN and S,
Sy, ....S,ellg. S is strongly dependent on S-S, if ng&=
2.1,a; ® n;holds, where a,>0.

Definition 5: Let SeIT\[1; be a siphon of net N and S,,
Sz, ... ,Sn, Surt, Suea, ..., and Symellg (=1, m>1). S is
weakly dependent on elementary siphons S;-Supim if M
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=Z?:lai N — Z?jﬂlaj ° nsj holds, where Vi, je{1, 2, ...,

n+m}, a>0, ap>0.

If S is dependent on Si-Sy, we say that S;-Sy are the
elementary siphons of S. The following results are from
our previous work [19].

Theorem 1: Let No be a marked net and S={pi1, pa, -,
Pins be a siphon in N,. Control place Vy is added to N, the
new net system is denoted as (N, M), such that: 1) I;=(-~,
Ipi, 1po, -+, 1pin, ==+, -1Vs, ---)T is a P-invariant of N, 2)
M, (Vo=M(S)-E, where 1<E<M((S)-1, and 3) VpeP,,
M, (p)=M,(p), where P, is the set of places of N,. Then S is
invariant-controlled.

&, is called the control depth variable of siphon S. In the
sequel, the initial net system is denoted as (N, Mo) and the
net system with additional places is denoted by (N, M,).
We assume that in a plant net model (N, M), VSell, VM
eR(N,My), Mo(S)>M(S). This is true for manufacturing-
oriented Petri net subclasses in the literature including
S’PR. The plant net model with such a property is called a
well-initially-marked net. Next results show the conditions
under which a dependent siphon is controlled when its
elementary siphons are invariant-controlled.

Theorem 2: Let (N, M) be a net system and Sy be a
strictly dependent siphon with respect to elementary
siphons S, S,, -+, and S,. If S,, S, -~-, and S, are invariant-
controlled by adding control places Vi, Vo, ... and Vg,
and My(So)>Z"-1a-My(S)-2"-ja;-&¢ holds, then S, is
invariant controlled.

Theorem 3: Let (N, M) be a well-initially-marked net
system and Sy be a generally dependent siphon with respect
to elementary siphons S;, S,, .-+, S,, Sp15 Sara, -+» and Sy,
which means ns@=2X"_;a;ns;-2" " q ams;. IF Sy, Sy, -+, S,
Sn+, Sns2, =+, and Spimare invariant-controlled by adding
control places Vsi, Vsz, -+ Vspim, -+ and Mo(So)>Z"=ia;-
M(S)-2" ;€ where 1<EG<M(S)-1, Syis controlled.

Theorem 4: Let N=(P, T, F) be a net and ® the number
of elementary siphons of N. We have o< min (|P|, |T|).

This indicates that the number of elementary siphons is
bounded by the smaller of place count and transition count
in a Petri net. From Theorems 3 and 4, a dependent siphon
can be implicitly controlled under some conditions related
to its elementary siphons. As a result, we are motivated to
develop the elementary siphons based deadlock prevention
policy by adding monitors for elementary siphons only.
The controllability of dependent siphons can be ensured by
properly setting the control depth variables of related
elementary ones.

4. ELEMENTARY SPHON BASED PoLIcY

In this section, before introducing the proposed policy
that is based on elementary siphons, we first review
Ezpeleta’s Siphon Control Policy.

Algorithm 1--Ezpeleta’ s Policy
Given an S’PR:
Step 1: Find all strict minimal siphons of a given S*PR N.
Step 2: For each siphon S, add a control place V; such that:
a) The output arcs (weights are all ones) of V,
are connected to the source transitions that
have paths leading to the sink transitions of S.
b) The input arcs (weights are all ones) of V are
connected to the transitions related to the
stealing places of S.
c) My(Vo)=MyS)-1.
Step 3: Repeat Step 2 until all such siphons are considered.

Algorithm 2--Elementary Siphon Based Policy
Given an S’PR:
Step 1: Find all strict minimal siphons of a given S’PR N.
Step 2: Find the elementary siphons of N. The others are
the dependent siphons (Sg).
Step 3: For each elementary siphon S, add a control place
Vs such that:
a) The output arcs (weights are all ones) of V,
are connected to the source transitions that
have paths leading to the sink transitions of S.
b) The input arcs (weights are all ones) of V are
connected from the stealing places of S.
c) 1<EMy(S)-1, Mo(Vs)=My(S)-E.
Step 4: Repeat Step 3 until all elementary siphons are
considered.
Step 5: Adjust &; such that each dependent siphon (Sgr) is
controlled.

Theorem 5: Let (N, M) be a marked S*PR, N=(P, UP
U Pr, T, F). By algorithm 1 or 2, m control places Vg,
Vg, ..., Vgn are added to N. The new net system is
denoted by (N', My"). The addition of these monitors cannot
generate emptiable control-induced siphons.

Proof: Suppose that V={Vg,,Vg, ..., Vgn} is added to
N such that elementary siphons Si, S, ..., and S, are
invariant-controlled. By contradiction, the addition
generates a new emptiable strict minimal siphon S. The
following steps can clarify that is not true.

1. We claim that S contains at least one additional
control place. This is so since if S contains no control place,
taking the form of S={pi, p2, ..., pn}, it is a siphon in N.
Thus, S is not a new one.

2. We claim that there is no new strict minimal siphon
in N'. By contradiction, we assume S={Vyg, 1, I, ...., I}, P,
P2, ..., Pn} is @ new strict minimal siphon, i.e. 'S CS'. Let t;
be a source transition, and p,e P’. Without the loss of
generality, we select Vg; form the set of V freely We can
gett, = {p,},p,EP, rePy, and Vg;'=t,, as shown in Fig. 1.

2.1 S contains poor 1, where t. € po U r. Removing Vs
from S, we call the set of remaining elements S;. That is to
say, Vgand Vg are moved from 'S and S’, respectively.
We can get easily 'S, C"S. Considering Vg'=t, and t,
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Sy, we have 'S, 'ScS"cS,". Thus, S, is a siphon,
which contradicts the minimality of S.

2.2 By contradiction. If S contains no po or r, where t,
€ po T, Sis not a strict minimal siphon. We discuss it
in following two cases.

2.2.1 If S does not contain p;, p:€t;, then S is not a
minimal siphon. Since t, ¢ py, \U 1, as in 2.1, removing
Vsifrom S, we can conclude ‘SoC S, and S'=S¢". Therefore,
'Sy €S S'=S; holds. It means S, is a siphon, which
contradicts the minimality of S.

2.2.2 S is the support of a P-invariant if S contains p,,
where {p:}=t.".

To prove this result, we have two steps. First, S is the
support of a P-invariant if there is no any r, r& Pg, in S.
We construct S from S={Vs;}. Since ti € Vg, a place p; is
in S, where p,” has only t;. Since p; has only t,and t, € S,
thus p, is in S, where p, has only t,. This reasoning is
applied continuously. We can finally have {p|peP, pe
H(Vsi)} <S. That is to say, S contains ViU H(Vsi), and in
fact it contains Vsi U H(Vsi) only. This means S is the
support of a P-invariant and a minimal siphon. Next, we
prove there is no r, rePg, indeed in S. By contradiction, we
assume S contains resource places, and all resource places
form a set R={r, 1p, ..., ri}. Iy € R, ; € 1, where t, and
tj are satisfied with following conditions:

(1) t and ¢, are in a process o; (2) T={t;, b, ..
where TcR'.

All elements in T are in the process a. Of course, we
have t, tjeT. Of all elements in T, t is the earliest fired
transition after t; fired in this process, as shown in Fig. 1.

We define a set P,={pjis, Pjs2> ---» Pr.1» Prf» @s shown in
Fig. 1. Above conditions mean that Vpe P; and re R, we
always have p & H(r). Furthermore, Vr € R, t. & H(r).
Hence, if we want to have p, in S, such a transition t can be
always found in this process. Extremely, P; contains place
p; only, and in this case, p;;,=p, and §=t,; hold.

From the above discussion, we get the following results:
.pr:.VS. cont.ains OIlly tra pr.:.pr»la pr—l.::pr-Z’ LR .ij:
pi=2 , and pj+1 contains t; only, where t € 1;. That is to say,
.Pl.: {tra .pr—la .pr-2> (] .pj+la .pj+l}7 and PI.:{pr.a Pr -].7 cee
pi= , tj}. Removing P, from S, we get Sp. Clearly, we have
S,NP,=T, S, "P,= {t}, and 'Sc S’ Therefore, we
have 'S, S,’, i.e. S, is a siphon as well. However, this
contradicts the minimality of S. Therefore, it is impossible
that S containsr € Py

From the above discussions, we only mention one of
processes, to which H(Vg;) belongs. Similarly, we can get
the same results in other processes. Therefore, taking the
output arcs of any control place Vg to the source
transitions cannot generate a strict minimal siphon.

3. Taking output arcs of any control place Vg to the
source transitions, we have no new emptiable strict
minimal siphon in N'. We can conclude that taking output
arcs of control places to the source transitions cannot
generate new emptiable minimal siphon in N'. *

(3] tm}s

tr
Pr
tr—l

T2
Ditt €je1 Piv2

Fig 1. A partial structure of ES’PR net.

t;

Theorem 6: Let (N, M,) be a marked S*PR, N=(P,UPU
Pr, T, F). By Theorem 1, m control places Vs;,Vs, ..., and
V., are added to N. The new net system is denoted by (N',
My'). The addition of these monitors cannot generate
emptiable control-induced siphons.

Proof: This is trivial since Algorithms 1 and 2 are the
special cases of Theorem 1. .

Theorem 7: Given an S’PR net, the resultant net
supervisor is live due to Algorithm 1 or 2.

Proof: It is trivial based on the theorems 5 and 6. ¢

5. EXPERIMENTAL RESULTS

A number of experiments have been conducted. Figures
2-5 represent four different size S’PR nets. In Fig. 2, it has
3 SMS and 2 elementary siphons. To make the net in Fig. 2
be controlled and live, there are two methods: 1) three
control places to be added according to Ezpeleta’s Policy;
and 2) two control places to be added according to the
proposed policy. Tables 1 and 2 show the results of the two
methods for the net in Fig. 1, respectively.

The net in Fig. 3 has 18 SMS (S;-Sis) and 6 of them are
elementary ones (S;-Sg). Through the computation, we can
get the 18 SMS. They are:

Si=1{po, P13, P17 P21> P22, P24 P26}

S2=1{po, P 13, P19, P20, P21, P22, P23, P24, P25, P26}

S3={Po> P13, P1s> P21> P22s Paas Pas> Pas}

S4=1{ps, Ps, P13, P19, P20, P21, P23, P24, P25, P26}

Ss={Ps, Ps> P13 P1s> Pa1> P24> Pas» Pas }

S¢=1{Ps> Ps> P13 P17> P21> Paa, Pas}

S7={Ps» P7 P13 P19> P20 215 P23 Paas Pas)

Ss=1{ps, P7, P13, P1s, P21, P24,P25 }

So={pPs» P7 P13 P17> P21> P2a }
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Ss=1{Ps» Ps» P13 P1s> P21> P245 P2ss Pao |
S6=1Ps» Ps» P13 P17> P21> P24, Pao}

According to the proposed policy, the characteristic T-
vectors of other 12 dependent siphons can be expressed by
that of the 6 elementary siphons. The coefficient matrix [a]
is:

o [a]=

oo~ OO OoOo0O0O00O

o—oo—o—oco—o~—
—_o0o—oOoROo oo —O
—_——_— OO oo

coocococococococo——
PO ugu g g

T
L

. . For elementary siphon S;={py, P13, P17 Pa1> P22> P24> Pas} »
Fig. 2. A simple model Due to Theorem 1, we add a monitor Vs for it. By
Ezpeleta’s Policy, we have “Vsi={ts, tio, ti3, ti7}, Vsi'={t;,
i, tist, Mo(Vs))=5, and §,=1. By the proposed policy, we
have .Vslz{tS’tIO’tBa t17}‘9 Vsl.:{tls t11’ t]5}9 MO(VSI):Ss and
&i=1.

As done above, Vs,-Vs;g can be accordingly added by
Ezpeleta’s Policy, and Vs,-Vsg are added by Elementary
Siphon Based Policy. Therefore, we can get the results by
Ezpeleta’s Policy and our Elementary Siphon Based on the
Policy. Tables 3 and 4 show the results.

Now consider Fig. 4 that models a production cell. The
cell is composed of 5 robots (R1, R2, R3, R4, and R5 can
hold a product at a time, respectively) and 7 machines (M1,
M2, M3, M4, M5, M6, and M7 can hold two products at a
time, respectively). There are 5 loading buffers (11, 12, I3,
14, and I5) and 5 unloading buffers (O1, 02, O3, 04, and
05) for loading and unloading the cell.

In Fig. 4, there are 70 unmarked strict minimal siphons.
To make it live, we can add control places to it. Using
Ezpeleta’s method, we have to add 70 control places.
While using the proposed policy, we only add the 10
control places as shown in the Table 5.

In Fig. 5, there are 169 unmarked strict minimal siphons
and 13 elementary siphons that acquire 13 control places to
S16=1P4, P9, P11, P13, P19, P20, P21, P22, P23, P2s, Pe ) make the net live as shown in Table 6.

S1={P4> Po> P11> P13, P1s> P21 P22> Pas» Pas }
Slz={p4, P9, P11, P13, P17, P21, P22, pzs}

Fig. 3. A plant model

S15={P9, P16> P22» Pas} Table 1. Required Monitors using Ezpeleta’s Policy.
314:{p4, P7, P11, P13, P19, P20, P21, P23, pzs} i | Vs Vs Moa(Vs)
S15={P4, P, P11> P13 Pigs Par> Pas} 1| {t, ts} {ts, t tio} 2
S16={P4, Ps, P11, P13, P19, P20, P21, P23, P25, P26} 2 |t Tt 6} 2
S177{P4> Ps; P11> P13, Pis> Pats Pas» Pas) 3 | ftts! (. to. o} 4
S15={p4, ps, P11, P13, P17, P21, P26

We can obtain 6 elementary siphons as follows: Table 2. Required Monitors using Elementary Siphon Based
S1={P9; P13, P17, Pa1> P22> P2ss Pas } i Policy.
So={po, P13, P19, P20, P21, P22, P23, P24, P25, P26} | vs Vs Moa(VS)
S3=1{Po> P13 P1s> P21> P22> Paas Pass Pas} L UL ty te tio} !
S4={ps, ps, P13, P19, P20, P21, P23, P24, P25, P26} 2 | {t.td {ta to to} L
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Fig. 4. A plant model for FMS

Table 3. Required Monitors using Ezpeleta’s Policy.

i vs Vs Moa(Vs)
1 {ti, i, tis} {ts, tio, tis, tiz} 5
2 {ti, tu} {ts, t7, tiz} 2
3 {t, tis} {t2, tio, tis} 2
4 {ti, tis} {ts, tg, tio} 5
5 {ti, tis} {ty, tg, tig} 2
6 {ti, tis} {t, by, ti7} 2
7 {ti, i, tis} {ts, tio, ti3, tio} 10
8 {ti, i, tis} {ts, tio, ti3, tis} 7
9 {ti, iy, tis} {ta, to, t13, tig} 9
10 | {ti, tiy, tis} {ta, to, t13, tig} 6
11| {ti, tiy, tis} {ta, to, t13, ti7} 4
12 | {ti, tiy, tis} {ta, &5, ti3, tio} 7

Table 3 continued

13 | {ty, ti, tis}

{ts, tg, iz, tig}

14 | {t, tis}

{ts, to, tio}

15 | {ti, tis}

{ta, tho, tig}

16 | {ti, tis}

{ta, tio, tiz}

17 {tl,t15}

{ts, to, tio }

18 | {ti, ts}

{, to tig}

B Q| W[ | oo &

Table 4. Required Monitors using Elementary Siphon Based

Policy.
i |vs Vs Moa(Vs)
1| {t, b, tyst {ts, tio, tiz tio} 5
2 {ti, t} {ts, ty, tiz } 1
3 {ti, tis} {t2, tio, tie} 1
5 | {t, tis} {t, te tig} 1
6 {t, tis} {tto.tiz} 1
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Fig. 5. The Petri net model (N, My) of an FMS

Table 5. Required Monitors using Elementary Siphon Based

/oo

Table 6. Required Monitors using Elementary Siphon Based

Policy. Policy.
Vs Vs Moa(Vs) i [vs Vs Moa(Vs)
1 {ti, tiz, ts} {to, to, tio, taa, tao} 2 1 {ta0. tast {ta1, tag tso} 1
2 {ti, tin, tig, tas} {ts t7, tig, t1, tos 3utss} 8 2 {tro, tas} {tas, tan tsa} 3
3| {titn ts} {ta, o, tia, Ban 31} 2 e ibsrl 1
4 (6, by tz; ol (s te, tis, b Lap tag} 3 4 {ti. t11, t17, 3, taa} {ts. t7. g b, tou, tar tag} [ S
, ti, b, 4 t6, tis, b, t31, ts7 5 {t, t11, 3, taa} {ts, te, tys, ta, ta), a7} 5
5 ity ta} {13, bs, by 1 6 {tn, t11, to3} {ta, to, t1a, o4, t31} 1
6 {3} {to7, tos}} 1 7 {ta} {7, togt 1
7 it} {tsr} 1 8 {ti. e} {t1a. tos tog} 1
8 | {ti, it} {t2 t7, tho, toa, tao} 1 ?o f? tzai :i: :s t24}tzo} }
9 1, t; ts, te, tog, t 2 1t 7 2. 17, b
1 itl t?j}tzz} ?tz : ti é:i 3 11 | {ty, t17, s} {©, to, tio, tg, o} 1
— e 12 | {tso, tas} {ta3, taz, ts3} 4
13 | {ti, tig, t33} {ts, t6, to1, t37} 2
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Through the above analysis, we can get Table 7 that

compares the performance of the two algorithms.

Table 7. Comparison of Two Methods.

Number of Number of
System | Control Places Arcs added Policy

added
Fig.1 | 3/2 15/10 L
Fig.2 | 18/6 106 /32 E”ﬁﬁii;;:hcy/
Fig.3 | 70/10 686 /68 Sichone Porgc
Fig. 4 | 169/13 2255/ 81 P Y

6. CONCLUSION

A structural analysis has been performed for the design

of liveness-enforcing Petri net supervisors for FMS
through four different scaled examples. The results show
that the elementary siphons based method can always leads

to

structurally simple Petri net supervisors that have the

same deadlock control purpose. That is to say, using the
same deadlock control policy, we can get a structurally
simple liveness-enforcing Petri net supervisor if the
existence of elementary siphons is taken into account. The
future work includes developing some effective and
efficient deadlock prevention policies based on elementary
siphons in a Petri net. More industrial-size FMS are
desired and should be used to benchmark various deadlock
control methods.
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