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ABSTRACT This paper presents a new method of computing a minimal supervisory structure that optimally
enforces liveness on the Petri net models for flexible manufacturing systems (FMSs). The proposed method
utilizes the structural properties of a Petri net model to avoid the computation of its reachability graph,
which in general leads to the state explosion problem. This paper aims to design a single control place for
each concurrent process of a Petri net model or a sub-net model, which thus provides a constant number of
control places in a supervisor regardless of the number of resource places in a Petri net or sub-net model.
It is shown that the structural size of a supervisor is minimal as the number of control places depends on
the number of concurrent processes in the Petri net model. Precisely, two algorithms are developed in this
paper. The first aims to compute active uncontrolled transitions and the second is concerned with a method
to compute the generalized mutual exclusion constraints (GMECs) for each process of the Petri net model of
an FMS. Furthermore, it provides an approach to design control places for each computed GMEC without
solving integer linear programming problems, which greatly reduces the computational costs. When the
computed control places are coupled with the uncontrolled Petri net model for an FMS, it optimally enforces
liveness behavior of the Petri net model, and hence ensures the high utilization of resources in a considered
system.

INDEX TERMS Liveness-enforcing supervisor, deadlock, flexible manufacturing system (FMS), Petri net.

I. INTRODUCTION

Flexible manufacturing systems (FMSs) that are usually
highly automated production processes with complex struc-
tures ever-increasingly play an essential role in economic
diversifications. Recently, most of developed countries have
to pay special attention to novel production modes in which
FMSs act as a critical part in boosting desired economic
aspiration [72], [73]. However, FMSs require highly techno-
logical skills to manage and utilize all the resources incorpo-
rated. An FMS usually consists of two main parts: a physical
system that is composed of manufacturing resources (such
as machine tools, robots and transportation systems) shared
by multiple jobs and a management system or decision

making system responsible for the control of the physical sys-
tem to achieve the goal of productivity with pre-established
quality [22]. Due to the request of high throughput of such
a system, deadlocks can occur because of high resource-
sharing, which may degrade the performance of an FMS [13],
[15], [23], [41], [63]. In general, deadlocks can occur in
highly automated production processes such as semiconduc-
tor manufacturing or safety-critical systems and thus may
lead to serious economy losses [74], [75].

Deadlocks can be tackled in the design and control stage
of an FMS [10], [25], [40], [64]. In a resource allocation
system, Coffman in [18] enumerates necessary conditions for
the occurrence of a deadlock. They are popularly known as
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Coffman conditions [14], [29], [64], i.e., (1) Mutual exclu-
sion: a process can only utilize one resource at a time;
(2) Hold and wait: processes that use some resources may
need another new resource; (3) Non-preemption: it is infeasi-
ble to remove a resource that is held by a particular process,
but a process can only release a resource by an explicit action
of that process; and (4) Circular-wait: two or more processes
form a circular chain where each process waits for a resource
that is held by the next process in the chain. To prevent the
occurrence of deadlocks, at least one of the four conditions
should be broken. Several tools have been developed to deal
with deadlocks in FMSs [1], [4], [14], [34], [42], [43], [63].

An effective and accurate supervisor can prevent the occur-
rence of deadlocks in an FMS [19], [44], [46], [47]. Petri nets,
automata and graph theory are the three main methodologies
to deal with this problem. Petri nets remain the most effective
formalism to model and control an FMS as well as discrete
event systems [38], [56]-[62]. Furthermore, they can verify
the existence of deadlocks and prevent their occurrences in
an FMS, since they are appropriate to describe both struc-
tural and behavioral properties of an FMS, such as conflicts,
concurrency, casual dependency, liveness, and bounded-
ness [10], [33], [39], [45], [48], [50], [52], [54], [70], [71],
[76], [77]. There are four typical strategies for handling
deadlocks in automated manufacturing systems [2], [10],
[14], [16], [51], [55], [64]: (1) Deadlock ignoring, (2) Dead-
lock detection and recovery, (3) Deadlock avoidance, and
(4) Deadlock prevention.

Two techniques exist for the analysis of a Petri net model
to cope with deadlocks [1], [4], [5], [8], [11], [14], [44],
[54], [78]: structural analysis, and reachability graph analysis.
The reachability graph (RG) analysis usually requires a com-
plete or partial enumeration of reachable states. Therefore,
it suffers from the state explosion problem [53]. The theory of
regions developed in [21] remains the most effective method
of deadlock prevention for designing an optimal supervisor,
ensuring that all the legal (safe), i.e., live states are pre-
served, although it is computationally expensive due to too
many inequality constraints in the linear programming prob-
lems [21]. A supervisor is said to be optimal or maximally
permissive if the supervisor of a plant (a plant is an alias
of a system to be controlled) can prevent the reachability
of all unsafe (illegal) states (a state is said to be unsafe if
the initial marking is not reachable from it) and ensure the
reachability of all safe states (a state is said to be safe if
the initial marking is reachable from it). A system is said
to be optimally controlled if it is supervised by an optimal
supervisor. When such a system is modeled with Petri nets,
it is called a optimally controlled (Petri net) system. That is
to say, an optimally controlled (Petri net) system contains all
the safe states and no unsafe states.

To upgrade and improve the ideas of theory of regions, the
work in [35] and [36] divides the reachability graph (RG)
of a Petri net model into two disjoint components: a live
zone (LZ) and a deadlock zone (DZ). The former contains
legal (safe) markings and the latter contains illegal (unsafe)
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markings. The partition of an RG is used to find the first-met
bad markings (FBMs) in the DZ such that, once all FBMs
are prohibited, all illegal (unsafe) markings in the DZ are not
reachable. The deadlock prevention method in [35] and [36] is
an iterative procedure in which at each iteration step, an FBM
is controlled by designing a control place. The iterations are
repeated until all FBMs in the DZ of a Petri net model are for-
bidden. However, this method does not guarantee maximally
permissive behavior of the controlled system. It provides a
sub-optimal (near-optimal) behavior. A supervisor is said to
be near-optimal or sub-optimal if it is not optimal but very
close to be “optimal’’. Usually, the behavior of a near-optimal
supervisor should make the controlled system reach more
than 90% legal (safe) states, while all the illegal states are
prohibited. For example, suppose that a plant has / safe states.
A near-optimal supervisor should make the plant contain
more than 0.9/ of safe states (of course no unsafe states are
included).

For structural analysis, it utilizes some of the important
properties of a Petri net structure, such as siphons, place and
transition invariants, and resource transition circuits. Such
properties are useful, as they can describe the relationships
between behavioral properties of a Petri net and its struc-
tural components. A deadlock prevention policy derived from
siphon control is usually sub-optimal, since it is difficult
to ensure that each legal state is included in the controlled
system. The main idea behind siphon control is to ensure that
each strict minimal siphon is sufficiently marked, by adding
control places to the Petri net model of an FMS [20], [26],
[27], [30], [32], [34], [35], [43], [64], [66]. In general, the
number of siphons grows exponentially with the structural
size of a Petri net. The studies in [15], [23], and [24] develop
an elementary siphon approach to reduce the computational
complexity for designing a supervisor and the structural com-
plexity of the supervisor for an FMS. However, it does not in
general provide an optimal control strategy. The work in [23]
adopts the elementary siphon-based approaches to reduce the
number of siphons to be explicitly controlled. However, the
concept does not in general provide a maximally permissive
supervisor except for a limited class of Petri nets at some
particular initial markings [67].

Liu et al. [28] develop a deadlock prevention policy using
structural analysis by combining elementary siphons with
varying arc weights for a Petri net model of an FMS. The
policy employs the circular wait (CW) structure and the state
of circular blockings (CBs) to investigate the existence of
deadlocks in a Petri net model. Deadlocks are tackled by
adjusting the weighted simple directed circuits (WSDCs) that
describe the structure of CW with weights, which are tied to
the occurrence of deadlocks. The advantage of the policy is
that the information of the weighed arcs is included in the
computation of siphons.

The generalized mutual exclusion constraints (GMECs)
are developed in [65]. They can represent effectively the
first-met bad markings (FBMs) from the deadlock zone of
a Petri net model. A GMEC can express that the weighted
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token sum in a particular set of places is not greater than
a given constant. The study in [3] develops a method to
enforce a conjunction of GMECs on a controlled Petri net.
The method addresses the structural properties of forward-
concurrent-free nets. The developed method transforms a
given conjunction of GMECs into a conjunction of admissible
GMECs. However, the method does not specify the class of
Petri nets considered in the work.

Furthermore, the work in [9] develops an approach to
construct a controller that realizes an OR-AND GMEC.
The developed method introduces a monitor switcher con-
trol structure which contains both places and transitions to
enforce OR-AND GMECs. It proposes a two-stage pro-
cedure for designing a controller capable of enforcing
OR-AND GMECs under the assumption that the GMECs are
bounded. By using this approach, a compiled Petri net con-
troller to enforce a given OR-AND GMEC can be obtained.
The main advantage of such a compiled controller is the
possibility of constructing a model of a closed-loop system
as a place/transition net that can be validated using existing
techniques such as structural analysis. The shortcoming of
the developed method is that the OR-AND GMECs-based
controller may create extra states that are not in the state space
of the original uncontrolled Petri net model. Furthermore, the
method, due to its generality, does not utilize the structural
properties of the Petri net model for flexible manufacturing
systems. It is worthy noting that the results from general Petri
nets provide a spur and motivation to the development of
deadlock control strategies for FMSs [69], [71], [72], [75].

In this paper, a method is proposed to enforce liveness for a
safe Petri net model, called an a,,-S3PR, for FMSs. It provides
a novel, yet minimal supervisory structure for the Petri net
model. A modified GMEC is used to design control places
to enforce liveness on the Petri net model for such FMSs.
The proposed method considers three cases of a safe Petri net
model with an ot,,-S3PR structure. For each case, a minimal
supervisory structure is derived to enforce liveness on the
Petri net model, achieving optimal or near-optimal control
purposes. The main contributions of the proposed method are
summarized as follows:

(1) It uses structural analysis to compute active uncon-
trolled transitions for each concurrent process of a Petri net
model to avoid the computation of all the reachable markings.

(2) For each active uncontrolled transition, a modified
GMEC equation is computed and a control place is designed
to enforce liveness of a plant net with its sub-optimal control.

(3) Experimental examples show that the proposed method
can derive a structurally simple supervisor.

The proposed approach is different from the traditional
methods (policies) available in the literature. In this method,
we associate each concurrent process of the Petri net model
or sub-net model to be controlled with a single control
place, which precisely reduces the structural complexity of a
supervisor compared with traditional methods. On the other
hand, the complexity of the supervisory structure due to the
traditional policies depends on the number of resources in the
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Petri net model, i.e., the larger the number of resources is,
the more complex of the supervisory structure is. While, for
the proposed method, its complexity depends solely on the
number of concurrent processes of an FMS. In general, the
number of concurrent processes is always less than that of
available resources in a Petri net or sub-net model. Hence,
the supervisory structure derived from the proposed method
is always structurally simple regardless of the number of
resources used in an FMS.

The remainder of this paper is organized as follows. Formal
descriptions of Petri nets and notations used in this paper
are presented in Section II. Section III describes Petri net
models with an o,,-S?PR or «,-S*PR structure. Section IV
presents a method of deriving GMECs from a,-S3PR and
a,-S*PR. Section V develops the method to compute con-
trol coefficients without solving integer linear program-
ming, while Section VI reports a deadlock prevention policy.
Experimental examples are provided in Section VII. A dis-
cussion for the computational complexity is provided in
Section VIII. Finally, Section IX concludes this paper.

Il. PRELIMINARIES

A Petri net is a four-tuple N = (P,T,F,W), where P
and T are finite and non-empty sets. P is a set of places
and T is a set of transitions with PN T = @. F C
(P x T) U (T x P) is called a flow relation of the net,
represented by arcs with arrows from places to transitions
or from transitions to places. Places are graphically repre-
sented by circles while transitions by bars or square boxes.
W: (P x T)U (T x P) — N is a mapping that assigns a
weight to an arc: W(x,y) > 0if (x,y) € F,and W(x,y) =0,
otherwise, where (x,y) € (P x T) U (T x P) and N is the
set of non-negative integers. N = (P, T, F, W) is said to be
ordinary, denoted as N = (P, T, F),if Vf € F, W(f) = 1.
Letx € PUT beanodeinN = (P, T, F, W). The preset of x,
denoted by °x, is defined as *x = {y e PUT | (y,x) € F}
and x* = {y € PUT | (x,y) € F} is called the postset
of x. A marking M of a Petrinet N = (P,T,F,W) is a
mapping from M: P — N, where M is a |P|-dimensional
vector. Let t € T be a transition in N = (P, T,F,W).
Transition ¢ is said to be enabled at a marking M, denoted
by M[z), if Vp € *t, M(p) > W(p, t). An enabled transition ¢
can fire, leading to a new marking M’, i.e., Vp € P, M'(p) =
Mp)—W(p, t)+W(t, p). Aplace p € Pissaid to be bounded
if VM € R(N, My), 3k € N, M(p) < k. A net system is said
to be k-bounded if any place is k-bounded. A place p € P is
said to be safe if it is 1-bounded. A net is said to be safe if all
of its places are safe. Transition t € T in (N, Mp) is said to
be live if YM € R(N, My), AM’ € R(N, M), such that M'[z).
(N,Mp) is live if Vt € T, t is live at My. N is dead at M
iffrer, My[t) holds. Let o be a transition sequence. The
Parikh vector of o, denoted by ?, is a column vector, rep-
resented by T =[#o (), #o (1), ..., #o(tm)]T, where #o (t;)
denotes the number of occurrences of ¢; in 0. A P-vector
is a column vector I: P — Z, indexed by P, where Z =
{...,—2,-1,0,1,2,...}. AP-vector [ is a place invariant
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if I # 0and IT[N] = 07. A T-vector is a column vector
H: T — Z indexed by T. A T-vector H is a transition
invariant if [N]JH =0 and H #0. The support of a place
(transition) invariant I (H) is denoted by ||I|| = {p|I(p) # 0}
(I|H|| = {t|H(t) # 0}). Let N* denote the set of positive
integers.

IIl. PETRI NET MODEL WITH «,-S>PR AND
an-S*PR STRUCTURES
Systems of simple sequential processes with resources
(S*PR) are extensively used and adopted in the analysis of
FMSs [19], [25]. In this paper, two subclasses of an S3PR
and one subclass of S*PR are considered.
Definition 1: A system of simple sequential processes
with resources (S3PR)is a Petrinet N = (P, T, F), satisfying:
1) P=PsUPg UPYisa partition of places with PANPg =
¢, PaNP° =9, and PN P° = ¢;
a) Py =|JiL, Pai with P4 N Paj = (P foralli # jis
called a set of activity places;
b) P = {r1,r, -+ ,rp}, n > 0, is called a set of
resource places;
c) PO = {p(l)vpg’
idle places;
2) T=UiL, Ti,with T; N T; = P forall i # j, is a set of
transitions;
3) Vie {l,2,---,m},Vp € Py;, **p N Pr = p** N P
and |** pNPg |=1,
4) N is strongly connected.
Definition 2: An S3PR Petri net model N = (P, T,F)
satisfying the following statements is called an a1-S>PR:

,pgl}, m > 0, is called a set of

D Vi e {1,2,--- ,mh,Vri € Pp, 2 € 1%, r3 €
oo e .
7'2,"'srm€r(m,],

2) Ve e PR, |I°rNTi| = [r*NT;| =1and |*rNTj| =
[r*NT;| =1, withT; NT; =@, for all i # j;

3) Vie{l,2,---,m}, 17* ="r.

Definition 3 [68]: An S*PR is a connected generalized

self-loop free Petrinet N = (P, F, T, W) where:

1) P = PYU P4 U Pg is a partition such that a) Py =
Uien+ Pa; is a set of activity places, where for each
i € NT, Py, # ( and for each i,j € N, i # j, P, N
Pa; = 0;b) Po = Uien+ {pl.o} is a set of idle places; c)
Pr = Ujent Pr; = {r1.1m2,--+ ,ra},n > 0, is a set of
resource places.

2) T = ,cn+ Ti, where for each i € N, T; # (3, and for
eachi,j e Nt T;NT; = ¢,

3) For each i,j € N¥, the subnet N = N|N({P} U
Py,, T;) is a strongly connected state machine such that
every cycle contains p?.

4) Vr € Pg,, there exists a unique minimal P-semiflow
I, € NPl such that {r} = [||| N Pg,, {pP} N IL|| = 9,
WAl # 0, I (r) = 1.

5) Pa; = Uyepy (I (7.

Definition 4: A Petri net model (N, My) with N =

(P, T, F) being an S*PR is called an ;-S*PR if it satisfies
the following statements:
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) vi e {1,2,--- ,m},Vr; € PR, 2 € r*, r3 €
L] L 1] .
r23”‘9rm€r(m_1,

2) VP e PR, I°rNT;| = [r*NTi| = 1land [*r NTj| =
[r* N T;| = 1 with T; N T; = @, for all i # j;
3) Vie{l,2,--- ,m}, r?* N PR =""rp N Pg;
4) Vre Pp,At €T, |° > 1,°tNPr=1t**"*NPr = {r}
and [t*** N Pg| = 1.
Definition 5: An S3PR Petri net model (N, My) with N =
(P,T,F) is called a3-S°PR if it satisfies the following
statements:

D vi e {1,2,--- ,m},Vr; € PR, 2 € r*, r3 €
L] L 1] .
rz"'.’rmer(m_l,

2) VP € PR, I°rNT;| = [r*NTi| =1and [*r NTj| =
[r*NT;| =1, withT; N T; = @, for all i # j;

3) Vie{l,2,--- ,m}, r?* NPy ="r; N Py;

4) Vie Ny, Vp € Pai, **pN PR # p** N PR, *(p*) N PR #
(°p)* NP, 3r € Pr, (*(p*) N PRYU((*p)* NPR) = {r},
and |*(p®) N Pr| = 1.

In this paper, a Petri net N under consideration can
be thought of as the composition of a set of subnets
Ni, N3, ..., N, via shared places, which is denoted as
N = QN

Definition 6 [67]: A directed circuit T in a marked Petri
net (N, My) is called a resource transition circuit (RTC) if
it contains resource places and transition only. Let 7(¢) and
7(r) denote the sets of all transitions and resource places in
T, respectively.

Definition 7: Let x be an elementary circuit in a Petri net
model (N, My). x is called a minimal activity resource tran-
sition circuit (ARTC) if it contains activity places, resource
places and transitions. Let x(A), x(r), and x(¢#) denote
the sets of activity places, resources, and transitions in yx,
respectively.

Definition 8: Resource r is said to be shared if dp, p’ €
(1IN D), p € Pai, p' € Pajy i # ).

Precisely, an RTC 1 does not contain any activity places
and can be determined by its transition set () and resource
set T(r) such that T = N[z(t) U 7(r)]. While an ARTC x
contains activity places, resource places and transitions, and
can be determined by its activity place set x(A), resource
place set x(r) and transition set x (¢) such that y = N[x(A)U
x(r)U x (0]

The following properties are verified for a Petri net model
with an 1-S>PR structure:

e Forany RTC z, (z(1))* N t(r) = t(r);

o Forany ARTC x, |[x(A)|| = 1 and |[x(1)]| = 2;

o Let r; be a resource place and t; and 1 be two RTCs
such that ; € 71 and r; € 12. The following properties
hold:

(@ **(r) N7 = (r)** N7 and
(b) *(ri) N7 = (r)** N 1.
A Petri net model with an a3-S*PR structure has a dual
mode of (i.e., two separate) distinct RTCs; each separate RTC
has the following properties:
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FIGURE 1. Petri net model with an (a) a;-S3PR structure (b) «,-S?PR structure, and (c) «5-S3PR structure.

o (T@M)*NT(r)=71(r);
o [IxAII=2,Ix®] =3;and
o Let r; be a resource place and t; and 1 be two RTCs
such that r; € 71 and r; € 12. The following properties
hold:
(@ **(rpN7u=@)* Nt and
() *(ri) N =(r)** N1
Fig. 1(a) shows a typical example of a Petri net with an
o1-S3PR structure. Fig. 1(b) shows an example of a Petri net
model with an »-S*PR structure, where its RTCs are:

71 = (P19, 6, P21, 13, P19},
T2 = (P20, 115, P22, 14, P20)>
73 = (p21, ha, P23, I5, p21),
T4 = (p22, 113, P24, l6, P22)

and

75 = (p23, t12, P25, 17, P23)-

The ARTCs are

X1 = (P19, t1, p2, 22, P3, 13, P19),
X2 = (P20, 12, P3, 13, p4, 14, P20)
X3 = (P21, 13, P4, 14, Ps, 15, P21)s
X4 = (p22. 14, 5, I5, P6, 16, P22),
X5 = (p23. s, pe, l6, P7, 17, P23),
X6 = (P24, 16, D7, 17, P8, 13, P24),
X7 = (P25, 17, P8, 18, P9, 19, P2s).,
x8 = (P19, 116, P16> 117, P17, 1185 P19),

VOLUME 5, 2017

X9 = (P20, 115, P15, 116> P16> 117, P20) s
X10 = (p21, 14, P14, 115, P15, ti6, P21),
X11 = (P22, 113, P13, 113, P14, 115, P22),s
X12 = (P23, 112, P12, 113, P14, 14, P23),
X13 = (P24, t11, P11, 12, P12, 113, P24)

and

Xx14 = (P25, Ho, P10s t11, P11, t2, P25)-

Let us consider the Petri net model with an «3-S°PR
structure. The resource places in the net are partitioned into
two sets: shared and unshared resource places, i.e., Pg =
RS U RV, where RS and RY denote the sets of shared and
unshared resource places, respectively. Fig. 1(c) shows a
typical example of an «3-S>PR structure. From Fig. 1(c),
the sets of shared and unshared resource places are RS =
{p13,p1a, p1s} and RV = {pi6, p17, pis, p1o}, respectively.
The following properties are verified for the Petri net model
with an (x3-S3PR structure:

e Forany RTC 7, **t(t) N t(t) = t(1)** N t(¢), *°t(¢) =

t(t)*®, and *t(t) N R(t) = t(1)* N t(r), and

o lIx@AIl'=1and||x®] = 2.

The ARTCs in the Petri net model shown in Fig. 1(c)
are x1 = {(p13,t,p2,02,p13), X2 = (P16, 2, p3, 13,
P16)> X3 = (P14,13, P4, 14, P14), X4 = (P17, 14, P5, 15, P17),
xs = (pis5,15,p6, 16, P15)s X6 = (P15, 17,P7,18,P15),
X7 = (P18, 18, P8 19, P18), X8 = (P14, 19, P9, 110, P14)> X9 =

(P19, t10, P10, t11, P19), and x10 = (p13, t11, P11, t12, P13).
Definition 9: Let (NiS, Mg ) be the sub-net in the Petri net

model with an arp-S*PR structure. The sub-net (Nl.S , Mg ) has
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the following properties:

1) N¥ = (Pa, UPPUPg,, T, F)).

2) VN3, Pg, C Pr,Ps, CPsand F; C F.

3) VNiS,we have (a) **(r;)N1; = (r;)**N11 and (b) **(r;)N
= )* N1y

4) Vr e Ppg,, there exists a unique minimal P-semiflow
I, € NIl such that {r} = [|I,]| N Pg,, PO N [|,]] # 9,
L] # @, I(r) = 1, where we assume m = |P|.

5) Pai = Urepy (TN {r)).

To ease the computatlon load of synthesizing a supervisor
of a Petri net model with a;- -S*PR structure for an FMS, the
Petri net model can be split-up into two sub-nets with each
having two concurrent processes and satisfying Definition 9.
The Petri net model shown in Fig. 1(b) is split-up into two
different sub-nets (N3, Mg) and (V.
2(a) and (b), respectively.

5 Mg) as shown in Fig.

FIGURE 2. Sub-net model of (a) (N5, M3) and (b) (N5, M3).

An ARTC in a Petri net model (N, Myp) is either formed
by a shared resource place or unshared resource place. For a
better representation, with no ambiguity, let Xi s (A) be the set
of activity places in an ARTC y formed by a shared resource
place r; in process j and x U(A) be the set of activity places
in an ARTC formed by an unshared resource place ry in
process j, where i € {1, 2, ---, a}andk € {« + 1, a +
2, ---, B}, indicating that there are « shared resource places
and B — o unshared resource places, respectively, in a Petri
net model. To further simplify the notation, let Xii denote the
algebraic sum form of st (A).Note thatj e {1, 2, ---, [}in

Xf s(A) ( xi v (A)) represents the j-th concurrent process in the

Petri net model.
Definition 10: If there exists an ARTC yx, formed by
an unshared resource place r involving the j-th process
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between the two ARTCs formed by shared resource places,
ie., st A) - xlA) — st l(A), then ,, is called an ARTC
i i+

attached by y,. The extended algebraic sum form of X'i s(A)

is defined as Xgi = X{.S A+ xi(A).
Let us consider the Petri net model shown in Fig. 1(a). The

sets of activity places in ARTCs are x 15 A) = {p2}, x 13 A) =
(pa). x5 (4) = (pa). X'y ) = (ps). x5 ) = (po) xi(A)
() X5 = ), X34 = (o), () = {piol, and

st (A) = {p11}. Their correspondlng algebralc sum form of
1
X!s(A)is x| = P2, Xy = P35 X5 = P4 Xy = P5s X2s = Pos

XES = p7. X% = P8, x5 = po, x5 = pio. and x2 = pi1.

The sets of activity places in ARTCs in the Petri net model

shown in Fig. 2(a) are x5 (A) = {p2, p3}, 1,5(A) = {pa. ps);
1

X,5A) = (o, p1} X,s(A) = {ps. po}. x35(A) = {p1o. pur);
xi(A) = propil xR = (prapis) and X34 =
{p16 p17}. Their correspondmg algebraic sum form of X S(A)

is X0, = P2+p3, X = patps, X = Pe+p7. X4 = P8 +p9,
2 2 _ 2 _

X4 = P10 + P11, X3 = P12 + P13, X;p = P14 + pis and

Xc21 = pi6 + p17.- The sets of activity places in ARTCs in

the Petri net model shown in Fig. 1(c) are Xls A) = {p}

X5(A) = {pa), x S(A> {pe}. x S(A) rhx S<A) {po}.
xi(A) = ik Xy ) = sl xly @) = (ps). 223 (4) =
{ps}, and x,7u A) =
ing extended algebraic sum form of Xris (A)is Xcl =p2+p3,

{p]o} By Def1n1t10n 10, their correspond-

X = Pa+Ds. X5 =P6. x5 = P1+D8: x5 = po+pio. and
Xa = Pit-

Definition 11: An active uncontrolled transition is a transi-
tion whose firing at a state leads a system to lose its liveness.
Let IT denote the set of active uncontrolled transitions in a
Petri net model.

Note that, the method of computing active uncontrolled
transitions is presented in Algorithm 1.

Definition 12: Transition tiS is said to be a sink transi-
tion in a Petri net N with N = (P0 UPs UPR,T,F,W)
if tl.S € *(P%). The set of sink transitions is denoted as ¥ =
{t|teT,te*(PY).

In the Petri net model shown in Fig. 1(a), the active uncon-
trolled transitions are tll = t; and t22 = t7, and the set of active
uncontrolled transitions is IT = {#, #7}. Firing #; at certain
states would violate the desired specification requirements in
the production sequence of process II. Similarly, firing #7 at
certain states would derive the system to undesired states in
the production sequence of process 1. To avoid the violation
of the desired specifications, a separate supervisory structure
is added to the uncontrolled Petri net model to supervise
the firing of active uncontrolled transitions at each state
by denying their firing at some specific states to prevent
the violation of the specification requirements. Supervisory
structure usually is constituted by control places to enforce
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liveness on a Petri net model. The sink transitions in the Petri
net model shown in Fig. 1(a) are tlS = t¢ and t2S = t12. The
firing of sink transitions at any state cannot cause the system
to violate the specification requirements. Those transitions
are not included in the supervisory structure as there is no
need to supervise their firings.

Definition 13: Let xi s(A) be the set of activity places in an
ARTC. S(hj.v ) is called a set of null places if ’(tl.S ) C Xf s(A),
then S(h]’.\’ )= xf 5(A).

Definition 14: Let Xﬁ 5 (A) be the set of activity places in an
ARTC. S(i) is called a set of active places if (#])* < st (A),
then S(h;*) = st (A).

Definition 15.f Let S (h?) be a set of active places and
S (th ) be a set of null plaées in (N, Mp). The set of passive
places is defined as A/ = PAj\(S(h;-‘) U S(h;v)).

Let us consider the Petri net model shown in Fig. 1(a). The
sets of null places are S(h)) = {pe} and S(H)) = {p11}. The
sets of null places in the Petri net model shown in Fig. 2(a)
are S(h)) = {ps, po} and S(7)) = {p16, p17}. While for the
Petri net model shown in Fig. 1(c), the sets of null places are
S(hllv ) = {pe} and S(hlzv ) = {p11}. The sets of active places
in the Petri net model shown in Fig. 1(a) are § (hfl‘) = {p2}
and S (h*z‘) = {p7}. The sets of active places in the Petri net
model shown in Fig. 2(a) are S() = {p2, p3} and S(i4) =
{r10, p11}.- The sets of active places in the Petri net model
shown in Fig. 1(c) are S(#}) = {p2, p3} and S(7}) = {p7, ps}.

The set of passive places is computed for each process of
a Petri net model. In the Petri net model shown in Fig. 1(a),
the sets of passive places are Al = {p3, ps, ps} and A? =
{ps, a9, p10}- The sets of passive places in the Petri net model
shown in Fig. 2(a) are A! = {p4, ps, ps, p7} and A% =
{r12, P13, P14, p15}. The sets of passive places in the Petri
net model shown in Fig. 1(c) are A = {p4, ps} and A% =
{po, p10}. The presence of tokens in the active places of
process I with any passive place in process II would derive
the states in the Petri net model to violate the specification

requirements. Similarly, this is the same case to active places
in process II with any passive place in process I.

IV. DERIVING GMECS FROM AN «,-S3>PR

Generalized mutual exclusion constraints (GMECSs) can be
implemented through control places by using the marking-
invariant law of Petri nets [53], [65] to form a place invariant
associated with the activity places. Generally, a place invari-
ant in a supervisor implementing a GMEC takes the form of
arh + oho + -+ 4+ ayh, < B, where ¢, a non-negative
integer, is called the control coefficient of the characteristic
activity place in Xii’ B e {1,2,---}1is called the weighted
token constant, A; is the marking of a characteristic activity
place in xii, and n is the number of activity places, i.e., |Pa].
The proposed method derives one GMEC for each process of
a Petri net model with an «,-SPR structure, which reduces
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the complexity of the supervisory structure. The objective
function of the GMEC in the proposed method takes the form:

Ay A j3J
a; )tj + ZieNa;M <B (D
where a}“ is the control coefficient of a corresponding active

place belonging to process I, and (xf is the control coefficient
of a corresponding passive place in process II. With objec-
tive (1) for the GMEC, the constraints can be formulated by
the combination of active places from the /’-th process with
the places in the set of passive places from the /”-th process.
The proposed method designs a global control place for each
process in the Petri net model regardless of the number of
resource places in it. To simplify the computational overhead
of the proposed method, we consider two processes at a time
to implement the GMECs. Suppose that process I is taken into
account before process II in the Petri net model shown in Fig.
1(a). The GMEC on process I can be implemented as

ap il + o adh + Sienal A < B )
satisfying the following constraints:
ot? + otf,, <B+1
ap +ab < p+1
ap ok < p+1

O[}A,—i-a,l;, <B+1

Similarly, when we consider process II after implementing
the GMEC on process I in the Petri net model shown in
Fig. 1(a), the GMEC takes this form:

aphpy + Tieney A < B 3)
satisfying the following constraints:
o +al <p+1
aﬁ, + aé/ <B+1

afh +al < p+1

Note that, the proposed approach in this paper considers
two concurrent processes at a time to implement GMECs.
Therefore, we have j € {1, 2}. To deal with the general cases,
let I’ denote a process and I” denote another process.

A. PETRI NET MODEL WITH AN o;-S°PR

Take as an example the Petri net model shown in Fig. 1(a)
with two concurrent processes, i.e., processes I and II. Imple-
menting the GMEC on process I before process II takes the
form of Eq. (2) while implementing the GMEC on process II
after implementing the GMEC on process I takes the form of
Eq. (3). Suppose that process I is considered before process II.
The objective function of the GMEC is

o Fafag At oA +adad < B 4)
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TABLE 1. Summary of parameters for the Petri net model shown in Fig. 1(a).

Set of z}clivi(y Algebraic sum Set of active places Set of pamiyc places Marking of Marking of Control Control
place (xi s (A)) form (x7,) s(h;‘) S(rl) active places passive places coefficient coefficient
1 ' , (,\3:) ) ofAf‘/(;xjA) of M (o)

Xrls(A) = {p2} Xz1 = P2 S(h1") = {p2} Al - aj -
x}g(m ={p3} | xi2=rp3 - S(n}) = {p3} - x5 - al
xig(A) = {pa} Xig = Pa - S(ng) = {pa} - 23 - o
X (@) =1p5} | xea=r5 - S(h%) = {rs} - Y - o
X5 (4) = 1{pe} | x5 =re - = - - —
xﬁ;(m ={r7t | xZs=r7 | Sg) ={r7} Ag - agl -
xZg(A) = {rs} X2, = ps - S(hZ) = {ps?t = 32 = o2
xZg (A) = {rg} x23 = po - 5(hZ) = {ro} - 23 - a3
X2 (A) = {r10} | x22 = P10 - 5(h3) = {p10} - 23 - a3
XiIS(A): {r11} X2, = p11 - - - - -

satisfying the following constraints:

of +of <B+1
of +o7 <p+1
of +og < p+1
04’14 + ag <pB+1
On the other hand, when we consider process Il after imple-

menting the GMEC on process I, the GMEC on process Il can
be implemented as follows:

ard +alrt + ol +alak < B )
satisfying the following constraints:

o +oy < B+1
o +aj <B+1
o +ay < p+1

The unknown control coefficients in both Egs. (4) and (5)
can be evaluated using an integer linear programming prob-
lem (ILPP) solver. Table 1 presents the summary of the
relationship among the parameters for the Petri net model
shown in Fig. 1(a).

B. PETRI NET MODEL WITH AN «5-S*PR
The GMECs for a Petri net model with an «-S*PR structure
are obtained by splitting the Petri net model into several
sub-net models of N = Q=N = (Pa, U{P°}UPg,, T, F)),
such that each sub-net can be treated in Egs. (2) and (3) to
derive their GMEC:s. Finally, the computed GMECs for all the
sub-nets are the total GMECs for the whole Petri net model.
Let us deal with a sub-net model (N?, Mg ) shown in
Fig. 2(a). If we consider process I before process II, the
objective function of the GMEC is:
oA oA el aia < B (6)
satisfying the following constraints:
of +af <p+1
0‘114 + aé <pB+1
af +a3 < B+1
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Similarly, when we consider process II after implementing
the GMEC on process I of the sub-net (N s Mg ) shown in
Fig. 2(a), the GMEC on process II is expressed as:

ahMy +oghy +a3ay < B 7
satisfying the following constraints:

o +ay < B+1

oy +a3 < p+1
Similarly, the same procedure can be applied to sub-net
(N3, Mg ) as shown in Fig. 2(b). The GMECs derived from
sub-net (N s Mg ) and (N, S, Mg ) are the total GMECs for the
whole Petri net model shown in Fig. 1(b). The summary of

the relationship among the parameters in the Petri net model
shown in Fig. 2(a) is provided in Table 2.

C. PETRI NET MODEL WITH AN ot_;-SJPR
When deriving GMECs for a Petri net model with more than
two concurrent processes, we first split-up the Petri net model
into several sub-net models of N = Qi:mNiS = (P4, U
{PO} U Pg;, T, F;), such that each sub-net has two concurrent
processes that satisfy Definition 9. Egs. (2) and (3) are used
to derive their GMECs for each sub-net. The GMECs for the
whole Petri net model are those GMECs of all the sub-nets.
Let us consider a Petri net model shown in Fig. 1(c).
To implement the GMEC on process I before process II, the
objective function of the GMEC on process I is

o Faday +adil<p ®)
satisfying the following constraints:
of +of < B+1
af +a3 < B+1

To implement the GMEC on process II after implementing
the GMEC on process I of the Petri net model shown in
Fig. 1(c), the GMEC on process II is expressed as

o +aghy < B ©)
satisfying the following constraints:
oy +ay < p+1
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TABLE 2. Summary of parameters for the Petri net model shown in Fig. 2(a).

Set of activity Algebraic sum Set of active places Set of passive places Marking of Marking of Control Control
places (x” 5 (A) form (x7.) s(n;‘) S(nl) active place passive places coefficient coefficient
S 2i
k2 .
A J A (LA fad (oA
. . - (A%) (X5) 0f>\j Igaj) of A3 (aj)
x_ g (A) ={p2,p3} Xe1 = P2 +P3 S(h{') = {p2 + p3} - A7 - af -
1
X:.QS(A> = {p4,p5} Xio =14 +p5 - S(h) = {ps4 + 5} - P} - al
xiS(A) = {pre,P7} xig, = pg + p7 - S(hé) = {pre +p7} - X%, - a%
3
XIS(A): {rg. P9} x%4:ps+p9 - - - - - —
T4
XQS (A) ={p10-P11} X2, = p10 + P11 S(hg) = {p10 + P11} - A - af -
T4
Xiég(A) = {p12. P13} ng =p12 + P13 - S(hg) = {p12 + P13} - Ag - 0(2,-
XES (A) = {p14, P15} X2 = p14 + P15 - S(h2) = {p14 + P15} - 22 - aZ
2
st (A) ={p16: P17} X2, = P16 + P17 - - - - - -
1
TABLE 3. Summary of parameters for the Petri net model shown in Fig. 1(c).
Algebraic sum Set of active places Set of passive places Marking of Marking of Control Control
form (x7.) s(h;.‘) S(nd) active places passive places coefficient coefficient
(,\;.’*) €5D) of ,\;.4 (a;“) of X1 (aft)
XL, = pa + 13 S(h{) = {pa + p3} - A - aft -
Xiz =pr4 +p5 - S(hé) ={pqg +p5} — Aé — l‘fé
) — — — — . — -
e ) x a
Xi3 = p7 + P8 S(hy') = {p7 + rg} - AS - oy -
Xzo = P9 + P10 — S(Rg) = {pg9 + P10} — Ag — a%
X1 = P11 - - - - - -

The control coefficients remain unknown and are to be
found using a method developed in this paper. Table 3 sum-
marizes the relationships among the parameters of the Petri
net model shown in Fig. 1(c).

V. FROM ILPP TO LINEAR INEQUALITIES

The solution to the control coefficients is usually done using
ILPP solver. However, many variables need to be gener-
ated in the process of solving ILPP, which makes the com-
putation difficult. This section presents a new method to
compute the control coefficients from the GMECs without
solving an ILPP. Firstly, Eq. (1) is modified. The modi-
fied Eq. (1) provides an efficient way to compute the con-
trol coefficients using structural properties of the Petri net
model.

A. PETRI NET MODEL WITH AN «;-S>PR
The modified Eq. (10) that greatly simplifies the computation
of control coefficients in the GMECs can be expressed as

oA+ Sieni] < B (10)
where

ajf.‘=|Af|+x, ﬁ:aA andx € N

J

Generally, the modified GMEC on process I before pro-
cess Il in a Petri net model with an o -S3PR structure is

A A+ A+ Siendl < B (11
with
a? = |Al//| +1 and B = a?,
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Similarly, the modified GMEC on process II after imple-
menting the GMECs on process I is

Ay + Tienhi < B (12)
with

af = |A"| and B = o}
B. PETRI NET MODEL WITH AN «,-S*PR

For a Petri net model with an az-S4PR structure, the modified
GMEC can be expressed in the form of Eq. (10):

o + Tiewk] < B (13)
where
N4z
ozf‘ = Hi, B =oz]‘-4 andx,ze N
X

Implementing the GMEC on process I of a sub-net
(N I.S , Mg ) shown in Fig. 2(a) before implementing the GMEC
on process Il is

WA+ A+ SienAl < B (14)
with
(A" +2)
4 = — and 8 = of)

Similarly, the modified GMEC on process II after imple-
menting the GMEC on process I is

am Ay + TienAy < B (15)
with
Al
aﬁ/ = % and 8 = aﬁ/
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C. PETRI NET MODEL WITH AN a_;-SJPR
Finally, let us consider a Petri net model with an «3-S®PR
structure. The modified GMEC is
oA+ Siend] < B (16)
where
Nl+z
ol |A]

f , ,3=2a;‘+1 andx,ze N
X

Implementing the modified GMEC on process I before
implementing the GMEC on process II is
oapA} + Wy + Tiewd{ < B (17)
with
A_ 1a"1+2)
I 2
Similarly, the modified GMEC on process II after imple-
menting the GMEC on process I is

i + S < (18)

and,3=2aﬁ+1

with

!
A 1A

apy =—— and B =2aﬂ, +1

The modified versions of GMECs ease the computa-
tional overhead as it greatly simplifies the evaluation of the
unknown control coefficients in the modified GMECs.

D. FROM GMECs TO CONTROL PLACES

This section presents a method to design control places from
the computed GMECs. For each computed GMEC from the
uncontrolled Petri net model, a control place is designed to
prohibit the reachability of the unsafe states.

The study carried out by [53] developed an efficient
method to construct a supervisor based on the concept of
place invariants. The supervisor consists of all necessary
control places that would enforce the constraints of the Petri
net model to follow the desired system specification. Let [N, ]
be the incidence matrix of a plant net. The control places
together with the arcs connecting these places and transitions
of the plant net can be represented by a matrix [N.]. The
incidence matrix [N ] of the controlled net is

[N] = [jﬂ

Control places are designed after computing all the neces-
sary GMECs from a Petri net model. Let Lp be the incidence
matrix of the GMEC and D be the row matrix of the places in
the GMEC. The control place (V;) is computed as follows:

Vi =—-DLp (19)

where D is a row matrix with a dimension of 1 x |P;| and Lp is
a matrix with the dimension of | P;| x | T;| while the dimension
of Vi is 1 x |T;| with P; being the places in the GMEC and
T; representing the transitions associated with the places in
the GMEC. After including all the computed control places
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to the uncontrolled Petri net model, the liveness property of
the Petri net model is enforced.

Suppose that 5§ + 22 + A2 + A2 + A3 + 2 < 5
is the GMEC from a Petri net model shown in Fig. 1(a).
The places associated with the markings of the GMEC are
P2, D6, P7, P8, Po and p1o and the corresponding transitions to
those places are 1, 12, t6, 17, 13, 19, 19 and t11. Using Eq. (19),
the control place is computed as follows:

517"Ti =100 0 0 0 0
| 001100 0 0
vo |1 0001 10 0 0
=711 0000 1 —10 0
1 0000 0 1 —1 0
1 0000 0 0 1 —1

Vi=[-55-10000 1]

VI. DEADLOCK PREVENTION POLICY

This section presents two algorithms to compute a Petri net
supervisor. The first computes the active uncontrolled tran-
sitions in a Petri net model. The second designs a Petri net
supervisor that enforces the uncontrolled Petri net model to
satisfy system specification requirements.

Algorithm 1 Computation of Active Uncontrolled
Transitions
Input: A Petri net (N, My) with N = (P° U P, U Pg, T, F)
prone to deadlocks
QOutput: Set of active uncontrolled transitions IT
. T=@¢;j=1,2,---,n. /«jisthe number of concurrent
process in the net */
while j < ndo
Identify (p)) and Py; = {pi, pit1, pit2, -+ » Pa}
=y
Compute (p;.))"; let p; be the activity place in (p/Q)";
choose a resource place r such that p; € |[|I,||, and

compute || )il U lxiOIl = lxepll = {r.plr €
PR,p € Pp}

6: for (i =1, |Py;|, i+ +) do

7: if [ x(rpp !l # |I1-]| then

8: Choose an activity place p;1 from p}®; find

a resource place r such that p;11 € |[|I;]|; compute

Ixapaoll = {7, pivi1lr € PR, piv1 € Pa, piy1 € |11}
9: else

10: IT* = IT* U *p;
11: end

12: end

13: j=j+1, I =TnuIlr*
14: end

15: Output the set of active uncontrolled transitions IT.

Algorithm 1 definitely computes all the active uncontrolled
transitions from an uncontrolled Petri net model or sub-net
model if such transitions exist. As aforementioned, firing an
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FIGURE 3. (a) The layout of an FMS and (b) its production routes.

active uncontrolled transition at some specific states of a Petri
net model leads the system to the deadlock zone.

Theorem 1: Algorithm 1 can compute active uncontrolled
transitions from an uncontrolled Petri net or sub-net model
under consideration if such transitions exist.

Proof 1: Suppose that tl’ € T exists in a Petri net model
N = (P, T, F) or sub-net model. It implies that there exists
a minimal semi-flow ||/,s|| formed by shared resource places
r* in the Petri net model or sub-net model. Since each process
has a single idle place, the decision on the first-met ||/,s]|
along the directional flow of tokens for an idle place in the
Jj-th process would result in || x;(A)|| U || xi(¥)|| = {r, pilr €
Pr,pi € Pa}. Therefore, p; € P4 is an active place in the
J-th process. Hence, each active place corresponds to an active
uncontrolled transition in the Petri net model (i.e., the preset
of p; contains the active uncontrolled transition tl’ ). U

Algorithm 2 can compute all the necessary GMECs in a
Petri net model or a sub-net model. Furthermore, it provides
amethod to design a control place for each computed GMEC.
The computed control places enforce liveness of the Petri net
model when they are included in the uncontrolled Petri net
model.

Theorem 2: The computed control places by Algorithm 2
enforce liveness to an uncontrolled Petri net model.

Proof 2: Each GMEC generated from Algorithm 2 corre-
sponds to an active uncontrolled transition computed from
Algorithm 1. Since all the transitions in (N, M) are control-
lable, the control places derived from the GMEC:s in the Petri
net model N = (P, T, F)) would make the active uncontrolled
transitions controlled. Hence, liveness is assured. O

Example 1: Let us consider an FMS shown in Fig. 3. The
FMS consists of four machines M1-M4, each of which can
process only one part at a time, and three robots R1-R3, each
of which can hold one part at a time. Parts enter the system
through input/output buffers 11/01 and 12/02. Two part types
P1 and P2 are considered in the production sequence. Initially
it is assumed that there are no parts in the system.

Its equivalent representation of the FMS shown in Fig. 3
is depicted in Fig. 4 using Petri nets. The places in the
Petri net model are represented as P = PO U Py U Pg,
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Algorithm 2 Computation of Control Places

Input: Petri net model (N, My) of an FMS with N = (P U
Pa U PR, T, F) prone to deadlocks
Qutput: Controlled Petri net model
1: Compute the set of active uncontrolled transitions using
Algorithm 1.
2: Compute the set of active places using Definition 14.
3: Compute the set of null places using Definition 13.
4: Compute the set of passive places for each process using
Definition 15.
5: Identify each process j in (N, Myp),j = 1, 2.
6: Compute the GMEC using,

a0+ Bpeprl < B, j=1

GMEC =
a‘lA//)L?// + 2:pEP)V?/ <8,

j=2.
7. Design control place V;,

Vi=—-DLp

8: Add all computed control places to the uncontrolled Petri
net model.
9: Output a controlled Petri net model with liveness.

where P° = {p1,pie}, PR = {p17,---,p23} and P4 =

{p2, -+, p1s}. Places pa, p3, p4, ps, pe, p7 and pg represent
the operations of M1, R1, M2, R2, M3, R3 and M4 for

the production sequence of part type P1, respectively. Sim-
ilarly, for the production sequence of part type P2, places
P9, P10, P11, P12, P13, P14 and p15 represents the operations of
M4, R3, M3, R2, M2, R1 and M1, respectively. Places p;
and pje represent the I11/01 and 12/02 buffers, respectively.
While places p17, p18, P19, P20, P21, P22 and p3 represent the
shared resources of M1, R1, M2, R2, M3, R3 and M4,
respectively.

To demonstrate Algorithm 2, let us consider the Petri net
model of Example 1 shown in Fig. 4. As aforementioned, the
set of active uncontrolled transitions is IT = {¢#1, t9} with tll =
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FIGURE 4. The Petri net model with an «;-S3PR for Example 1.

TABLE 4. Summary of the parameters for the supervisory structure of the
Petri net model shown in Fig. 4.

SIN GMECs Vi ‘v ve Mo
1 MU AL + 22 + 22 + 23+

A2g+ A% <6 Vi | 6ta.t15 | 6t1,tg 6
2 M Al al <5 | vy | #7510 | 2,509 5

t; and t22 = t9. The sets of active place are S (hfl‘) = {p2}
and S (hé) = {po} and the sets of null place are S (hjlv ) =
{ps} and S (i’zjzV ) = {p15}, while the sets of passive places are
A = {p3.ps.ps.pe. p7} and A? = {p1o, p11. P12, P13, P14}
The GMECs are A} + 15 + A3+ + A3 +A{)+ A7, < 6 with
its associated places being p3, p9, P10, P11, P12, P13, and pa
and )\3‘ —H\; —H»; +)»41L —H»; +Aé < 5 with its associated places
being p9, p3, pa, Ps, Pe, and p7. The transitions corresponding
to the places in the GMECs are t1, 2, t9, t10, 111, 112, 113, t14,
and #15; and 1y, 13, 14, 15, t6, t7, 9, and t1q, respectively. The
control places corresponding to GMECs are, respectively,

61"1 =10 0 0 0 0 0 0]

| 00 1—-100 0 0 0

1 0001 10 0 0 0
Vi=—|1 0000 1 -1 0 0 0

1 0000 0 1 -1 0 0

1 0000 0 0 1 -1 0

(1] o000 0 0 0 1 —1]
Vi=[-66 100000 1]
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T

1 I1-1 0 0 0 OO0 O
1 01 -10 0 O0O0O
Vs = — 1 00 1 -1 0 0O0O
1 00 0 1 -1 00O0
1 00 0 0 1 -100
5 00 0 0 0 0 1-1

Va=[-100001 =5 5]

When the two control places are added to the uncontrolled
Petri net model shown in Fig. 4, the resulting Petri net model
is live with maximally permissive behavior of 255 states.
Table 4 provides the detailed parameters of the computed
control places, while Table 5 presents the performance com-
parison with some deadlock control policies available in the
literature in terms of control places, control arcs and the
number of reachable states.

TABLE 5. Performance comparison of the proposed method with some of
the existing policies for a Petri net model shown in Fig. 4.

Policies No. of control No. of control No. of reachable
places arcs states
] 11 a4 255
[37] 11 44 255
[10] 11 a4 255

[6] 11 44 255

[49] 11 44 255
Proposed method 2 8 255

VIl. EXPERIMENTAL EXAMPLES

This section presents an experimental result to expose the
applicability of the proposed method. All the computation of
the supervisors is done without computing the reachability
graph or siphons of a Petri net model. The proposed method
utilizes the resource transition circuits to compute a supervi-
sor that enforces liveness on a Petri net model.

Example 2: Let us consider the Petri net model of a
flexible manufacturing system shown in Fig. 5. There are
31 places and 22 transitions. The places have the set partition:
PY = {p1, pxn}, Pr = {p23 — p31} and Pa = {p> — po1}. The
Petri net model has 564 reachable states, with 287 and 277
states being in the live zone and deadlock zone, respectively.

The Petri net model shown in Fig. 5 (Example 2) has an
a2-S*PR structure. It is decomposed into two sub-nets
denoted by N = NIS o NZS. The control places of each sub-
net can be computed via Algorithm 2. First, let us consider
(N5, M(;S) shown in Fig. 6(a). The places in (N5, Mg) have the
set partition: P* = {p1, px2}, Pr, = {p23, P25, P27, P29, P31}
and P4 = {p2 — p21}. When the uncontrolled sub-net
(N5, Mg ) is simulated using integrated net analyzer (INA),
the sub-net has 1053 reachable states among which 485 states
are in the live zone and 568 states are in the deadlock zone.

Using Algorithm 2, the set of active uncontrolled transi-
tions is IT = {z, t12} with tll = t1 and t22 = t13. The sets of
active places are S(h?) = {p2, p3} and S(hfz‘) = {p12,p13}.
The sets of null places are S (hllv ) = A{p1o,p11} and
S(h'zv ) = {p20, p21}. The sets of passive places are Al =

{p4, ps, pe, p7, ps, po} and A* ={pua, pi1s, p16, P17, Pis, P19}-
The GMECs associated with processes I and II are,
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(a) (b)

FIGURE 6. (a) The sub-net model (N, M3), and (b) The sub-net
model (N5, MJ).

respectively, 4A} —H»%—H»% —I—)%—i—)% < 4 withiits places associ-
ated with the GMEC being p2, p3, p12, P13, P14, P15, P16, P17,
pig.pro and 323 + AL + A + 4}l < 2 with its places
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associated with the GMEC being pa4, ps, pe, P7, P8, P9,
P12, p13- The transitions corresponding to the places in
the GMECs are t1, 1, t3, t12, 113, t4, t15, 6, t17, 118, 119, 120
and 13, t4, t5, tg, t7, 13, 19, 112, 113, 114, respectively. The corre-
sponding control places for the GMECsS respectively are:

_4_T
4
1
1
1
Vi=—|,
1
1
1
_1_
1 -1 000 0 0 0 0 0 0 07
01 -100 0 0 0O O 0 O O
00 01-10 00 00 0 O
00 001 —-10 0 0 0 0 O
Joo 000 1 -1 0 0 0 0 0
00 000 O 1 —-10 0 0 O
00 00O 0O O 1 —-10 0 0
00 000 0 O O 1 —10 O
00 000 0O O O O 1 —1 0
(000 000 0 0 0 0 0 1 —1|
Vi=[-404-100000001]
17Tt =1 0 0 0 0 00 0 07
101 =10 0 0 000 O
1{]oo 1 =10 0 000 O
vo— 1|00 0 1 -1 0 000 0
=7 11]]lo0o 0 0 1 -1 000 O
1lloo o 0 0 1 =100 0
3 00 0 0 0 0 0 1-=10
3/ /00 0 0 0 0 00 1 —1]
Va=[-1000001 -30 3]

When the two control places are added to the uncontrolled
sub-net (N s Mg), the sub-net model is live with maximally
permissive behavior of 485 good states.

Similarly, let us consider the uncontrolled sub-net
(N3, M) shown in Fig. 6(b). The places in the Petri net
model (Njg s Mg ) have the set partition: PO = {p1, P2},
Pr, = {p24, p26. P28, p30} and Pa = {p3 — p10, p13 — p20}-
When the sub-net model is simulated using INA, the sub-net
model has 297 reachable states among which 161 states are
in the live zone and 136 states are in the deadlock zone.

Applying Algorithm 2 to the sub-net (N5, Mg ), the set of
active uncontrolled transitions is IT = {#,, t;3} with tl1 =n
and t22 = t13. The sets of active places are S(h’i‘) = {p3, p4}
and S(hé) = {p13, p14}. The sets of null places are S(hllv) =
{p9, p10} and S(hlzv) = {p19, p20}- The sets of passive places
are A' = {ps,pe.p7.ps} and A> = {pis, pie. p17. p1s}-
The GMECs of processes I and II are, respectively, 3)»’]“ +
)»‘3 + )L% + Aé < 3 with the places corresponding to the
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GMEC being ps3, p4, p13. Pi4. P15, P16, P17, Pis and 205 +
k% + )\é < 1 with the places associated with the GMEC being
D5, P6, D7, P8, P13, P14- The corresponding control places of
the GMECs respectively are:

7
3
1
vi=-|1
1
1
_l_
[1-1 000 0 0 0 0 0]
01 -100 0 0 0 0 0
00 01-10 00 0 0
oo 001 -1 0 0 0 0
00 000 I -1 0 0 0
00 000 0 I —10 0
00 000 1 0 1 —10
(00 000 0 1 1 -1 |
Vi=[-303-100000 1]
17"t -1 0 0 000 0
1l o1 -1 0 000 0
v |1 00 1 1000 0
T 00 0 1 =100 0
2/ o0 1 0 0 1-10
2] oo 0 1 00 1 -1

Vi=[-10001 -20 2]

When the two control places are included in the sub-net
(NS, Mg) shown in Fig. 6(b), the sub-net model (NS, Mg)
is live with maximally permissive behavior of 161 states.

The computed control places for the sub-nets (N S,Mg )
and (N3, Mg ) are included in the Petri net model shown in
Fig. 5. The resulting Petri net model is live with maximally
permissive behavior of 485 good states. Table 6 provides the
detailed parameters of the computed control places. While
Table 7 compares the performance of the proposed method
with some deadlock control policies available in the literature
in terms of the number of control places, control arcs and
reachable states.

TABLE 6. Summary of the supervisory structure parameters for the Petri
net model shown in Fig. 5.

SIN GMECs V; ‘v ve® Mg
1 A E A2 02 a2 <a [ vy | 4tz tag | 4ty t1o 4
2 3xg +al Al Al <3 Vo | tg,3t14 | ts,3t1s 3
3 A £ 25 FAZ+ A2 <3 Vg | 3t4,tag | Bta,tis 3
4 224 + Al 4+l <2 vy | ts,2t15 | t4,2t13 2

Example 3: Consider the Petri net model of an FMS
shown in Fig. 7. It has 33 places and 21 transitions. The
places have the set partition: PO = {p1,p20,p21}, PR =
{p2o — p33} and P4 = {p» — p19}. The Petri net model has
42880 reachable states with 39800 and 3080 states being in
the live and deadlock zones, respectively.
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TABLE 7. Performance comparison between the proposed method and
some existing policies for the Petri net model shown in Fig. 5.

Policies No. of No. of No. of
control places arcs reachable states
71 12 48 485
[10] 12 48 485
[27] 12 48 485
6] 12 48 485
[49] 12 48 485

proposed method 4 16 485

FIGURE 7. The Petri net model of an FMS with «5-S>PR for Example 3.

The Petri net model shown in Fig. 7 is an a3-S*PR struc-
ture. Firstly, we decompose the Petri net model into (N S M(f )
and (N3, Mg ). Secondly, the control places are obtained via
Algorithm 2. The control places of all the sub-nets are the
total control places in the supervisory structure for the Petri
net model shown in Fig 7.

Consider sub-net (N3, Mg ) shown in Fig. 8(a). By Algo-
rithm 2, the set of active uncontrolled transitions is I[1 =
{tp, t3} with tll = 1, and 12 = rg. The sets of active places are
S(h’f) = {p3, pa}and S(h‘§) = {ps, po}. The sets of null places
are S(hllv) = {p7} and S(hjzv) = {p12, p13}. The sets of passive
places in processes I and IT are A = {ps, pg} and A =
{10, p11}, respectively. The GMECs of processes I and II
are, respectively, Z)Lfl‘ + )»’24 + Ai < 5 with its places
associated with the GMEC being ps, p4, p3, po, p10, p11 and
k‘g + )»é < 3 with its places associated with the GMEC being
D5, D6, P8, Po respectively. The corresponding control places
for the GMEC:s are respectively:

21Tt =1 000 0 0 0
2 01 -100 0 0 O
v |1 00 01-10 0 0
=11 00 001 -1 0 0
1 00 000 1 —10
1 00 000 0 1 —1
Vi=[-202-1000 1]
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FIGURE 8. (a) The sub-net model (N3, Mg ) of Petri net model shown in
Fig. 7, and (b) The sub-net model (NZS, Mg) of Petri net model shown
in Fig. 7.

17771 =1 000 0
v | 01 —-10 0 0
| 00 0 1-10

1 00 00 1 —1
Vo=[-101-101]

By including the two control places in the sub-net
(N 5 Mg ) shown in Fig. 8(a), the sub-net model is live with
1408 good states.

Now let us consider the sub-net (N3, Mg) shown in
Fig. 8(b). By Algorithm 2, the set of active uncontrolled
transitions is I1 = {t9, #15} with ’11 = t9 and tf = t15. The sets
of active places are (i) = {po, p10} and S(4) = {p14, p15}.
The sets of null places are S(hllv) = {p13} and S(hlzv) =
{pr1s, p19}. The sets of passive places are Al = {r11,p12}
and A? = {r16, P17} The GMECs of processes I and II
are, respectively, 2)31‘ + )»’24 + Aﬁ < 5 with its places asso-
ciated with the GMEC being p9, p10, P14, P15, P16, P17 and
)»‘3 + )»é < 3 with its places associated with the GMEC
being p11, p12, P14, P15, respectively. The corresponding con-
trol places for the GMECs are:

27'T1 -1 000 0 0 0
2 01 -100 0 0 0
v |1 00 01-10 0 0
=11 00 001 -1 0 0
1 00 00O0 1 —10
(1] 00 000 0 1 -1
Vi=[-202-1000 1]
171 =1 00 0 0
vo— | 1 01 —-10 0 0
270 00 0 1-10
(1] 00 00 1 -1

Va=[-101—-101]

If the two control places are included in the uncontrolled
sub-net model (NS, Mg) shown in Fig. 8(b), the sub-net
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TABLE 8. Summary of the supervisory structure parameters for the Petri
net model shown in Fig. 7.

S/N GMECs Vi vV Ve Mo
1 2)\{1 + )\ﬁ‘ + )\g <5 | W 2t4,t12 2ta, ts 5
2 2)\? + )\? + )\g <5 | Vo | 2t11,t19 2tg, t15 5
3 MM <3 Vs te,t10 ta,ts 3
4 M +A<3 Vi | tis,tir | tytis | 3

TABLE 9. Performance comparison between the proposed method and
some existing policies for the Petri net model shown in Fig. 7.

Policies No. of No. of No. of
control places arcs reachable states

[10] 10 40 39800

[36] 10 40 39800

[26] 10 40 39800

[6] 12 48 39076

[49] 12 48 39076
[proposed method] 4 16 36192

model is live with 1408 states. When the four computed
control places of the sub-nets are included in the Petri net
model shown in Fig. 7, the controlled Petri net model is
live with 36192 good states. Table 8 presents the detailed
parameters in the supervisory structure for the Petri net model
shown in Fig. 7. Table 9 compares the performance results
of the proposed method with some available policies in the
literature.

VIil. DISCUSSION

Suppose that there are n concurrent processes in (N, Mp)
with N = (P4 U P’ U Pg, T, F). Obviously, n is less than
the structural size of net N. We have two nested loops in
Algorithm 1 to search the active uncontrolled transitions
in (N, Mp). The first while-loop is executed n times such that
it can visit each process in (N, My), while in the worst case the
for-loop is executed | P4 | times to find the active uncontrolled
transitions (i.e., when || = |Pa|, where r € Pp is a resource
place). Note that |[P4| < |P|. The overall computational
complexity of Algorithm 1 (finding active uncontrolled tran-
sitions in (N, Mp)) is O(n|P|). However, in general, the worst
case is almost unlikely to occur, since the active uncontrolled
transitions can be usually found at the first iteration.

Next we analyze the computational complexity of
Algorithm 2. We first deal with the problem of solving
aﬁ)ﬁ?, + )\‘l“,, + E;’zlkf,, < B. We aim to find its integer
solutions for this equation. Branch-and-bound search algo-
rithms can be used to achieve this purpose. We assume
that there are n GMECs in a Petri net model (N, M) with
N = (P4 UPYU Pg, T, F) (Note that the number of GMECs
is equal to that of concurrent processes, which is a main
contribution of this research). The weighted token constant
is denoted by . In af,)»;‘, + )\f/, + ZL])\"/, < B, we have at
most |P4| + 1 variables, i.e., oy, ap, ..., ap,|, and B. The
lower bound of variable «; (i € {1,2,...,|Pal}) is 1 and
its upper bound is > i, B;. For variable B, it falls into the
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interval [1, ”Z?:l Bil. As the bounds of each variable are
known, the branch-and-bound algorithm to find an integer
solution to Dl?,)\’?, + )J?,, + E;’zlki,, < B is of polynomial
complexity [12].

Finally, we analyze the computational complexity of con-
trol place design via V; = —DLp. V; is the product of matrices
D and Lp. As aforementioned, matrix D is a row matrix with
adimension of 1 x |P;| and Lp is a matrix with the dimension
of |P;| x |T;|. The computational complexity of multiplying
the two matrices is O(|P;| x |T;|). By considering that there
are n GMECs, the computational complexity of Algorithm 2
is O(n x |P| x |T|)=O®|P||T|). In summary, the proposed
method in this paper has polynomial time complexity. Note
that n is the number of concurrent processes in a system. It is
less than the number of places, i.e., n < |P| is definitely
true.

However, a reachability graph based method is usually
computationally prohibitive since a complete state enumer-
ation is required. Such a method can be briefly presented as
follows. Let G(N, M) be the reachability graph of a Petri net
model (N, My). G(N, My) consists of a live zone (LZ) and a
deadlock zone (DZ). Usually LZ and DZ are used to denote
the sets of markings (states) in LZ and DZ, respectively.
Formally, markings (states) in LZ (DZ) are expressed as
LZ = MM € R(N,My),30 € T*, M[o)My} (DZ =
{M|M € R(N, My), fo € T*, M[o)My}).

Let (N, Mp) be a net system with N = (P,T,F,W).
A marking M € DZ is said to be an FBM (first-met bad
marking) in G(N, My) if M'[t)M, where M’ € LZ,t € T.
The set of FBMs is represented by Mppy = {M € DZ |
M’ e LZ,t €T,s.t. M'[t)M} [10].

FIGURE 9. The reachability graph of a Petri net model.

Fig. 9 shows the two regions of the reachability graph,
where the inner circle represents the DZ in the reachability
graph while the rest of the region represents the LZ. From
the reachability graph shown in Fig. 9, the set of FBMs is
Mgy = {Mg, Mg, M1, M1, M13}. The main ideas of a
reachability graph based deadlock control policy of FMSs is
to eliminate all the FBMs in the reachability graph. However,
the number of FBMs increases exponentially with the size of
the Petri net model, making the problem intractable.
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IX. CONCLUSIONS

This paper presents a new method of computing a supervisory
structure for a safe Petri net model with an Dln-S3PR structure.
The proposed method utilizes resource transition circuits in
a Petri net model of a flexible manufacturing system to
avoid the computation of the reachability graph (or siphons).
The paper proposes two algorithms. The first one is used
to compute active uncontrolled transitions from (N, My)
and the second algorithm is used to compute the GMECs
for each process of the Petri net model or sub-net model.
Furthermore, a method is presented to design a control place
for each computed GMEC. The proposed method is efficient
as it provides minimal supervisory structure with sub-optimal
(near-optimal) behavior. The major advantage derived from
the proposed method is as follows. It designs a single control
place at each concurrent process in the Petri net model or
sub-net model, which significantly reduces the supervisory
structure. Furthermore, it provides the constant number of
control places in the supervisory structure that depends on the
number of concurrent processes in the Petri net model or sub-
net model regardless of the number of resources used. Finally,
it can reduce huge costs at the stage of implementation and
maintenance due to its minimal supervisory structure. The
limitation of the proposed method is that it works for safe
Petri net models with an «,,-S>PR or a,-S*PR structure. Our
future work would focus on extending the work to generalized
S*PR models.
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