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Abstract: With a vector covering (VC) technique, this study proposes a think-globally-act-
locally-based (TGAL for short) approach in order to design optimal supervisors for flexible
manufacturing systems (FMSs). First, a global idle place is added into a Petri net (PN) model
of an FMS according to the TGAL concept. With the global idle place being marked by one
token at the initial marking, the model’s reachability graph is generated to analyze its liveness.
If it is not live, one finds first-met bad markings (FBMs) and all legal markings. By applying the
VC approach, these markings can be covered by a minimal covered set (MCdS) of FBMs and a
minimal covering set (MCgS) of legal markings, respectively, to remarkably reduce the number of
markings under consideration. For each FBM in the MCdS of FBMs, we modify the marking in
the MCgS of FBM-related legal markings to guarantee that every place has the maximal tokens.
By using the modified FBM-related legal markings, a set of optimal control places (monitors)
can be calculated by solving an integer linear programming problem. Necessary monitors are
figured out by a redundancy test. Then, we increase the number of tokens in the global idle place.
This process is repeated until all legal markings are reachable. Then, a maximally permissive
supervisor can be obtained. Finally, by means of experimental studies, the proposed method is
tested for some PN models, showing that the designed supervisors are maximally permissive
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since the monitors do not prohibit any legal markings.
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1. INTRODUCTION

Flexible manufacturing systems (FMSs) are deployed in
both process and discrete manufacturing industries. In an
FMS, multiple processes for different products share the
versatile resources. Deadlocks would occur, if resources are
not properly allocated. In a deadlock state, a circular wait
is formed such that some processes wait for the availability
of particular resources that can never be released (Coffman
et al., 1971). Deadlocks usually lead to a system blockage
with a low efficiency. Thus, deadlocks are usually thought
of as an unacceptable status for FMSs. In order to prevent
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deadlocks, there are a number of control policies reported
in the literature (Basile et al., 2015; Chen and Li, 2012;
Chen et al., 2015; Cordone et al., 2013; Hu and Zhou, 2014;
Huang et al., 2006; Ma et al., 2015; Wang et al., 2015; Wu
and Zhou, 2012; Xing et al., 2010).

As a useful tool for deadlock detection and resolution,
PNs are employed to model, analyze, and control FMSs
(Ezpeleta et al., 1995; Li et al., 2007; Li and Zhou, 2006b;
Zhu et al., 2017, 2018; Zhang et al., 2017). For a PN
model, deadlocks are prevented by adding a set of control
places (monitors) to form a supervisor by enforcing some
necessary constraints on the system. The advantage of
deadlock prevention is that one can compute a supervisor
in an off-line way. Deadlock prevention policies have been
extensively developed by using PN models (Li and Zhou,
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2004, 2006a; Chen et al., 2014, 2017; Lu et al., 2021; Chen
et al., 2021).

The performance for designing a liveness-enforcing PN
supervisor is evaluated by three indicators, namely be-
havioral permissiveness, structural complexity, and com-
putational complexity. In a controlled system, behavioral
permissiveness is always evaluated by the quantity of le-
gal markings that are reachable. If a controlled system
can reach all the legal markings, its supervisor is said
to be maximally permissive, or optimal. A low structural
complexity not only represents a simple structure of the
supervisor, but also provides its low implementation over-
heads in terms of both software and hardware costs. A
low computational complexity implies that a policy can
be efficiently obtained in the sense of computational time.
Thus, a significant issue is how to design a supervisor with
maximally permissive behavior, a simple structure, and
highly computational efficiency, which has been studied
by a group of researchers.

Structure analysis (Li and Zhou, 2004; Hu et al., 2015;
Wang et al., 2011) and reachability graph analysis (Ghaf-
fari et al., 2003; Huang et al., 2010, 2011; ?) are two
main techniques for analyzing deadlocks based on PNs.
Structure analysis is usually efficient by focusing on some
special PN structures (siphons and resource circuits, for
example). However, a supervisor obtained by doing so is
usually suboptimal since some legal markings are prohib-
ited (Li et al., 2008; Li and Zhao, 2008; Li et al., 2011;
Tricas et al., 2005). Although the reachability-graph-based
methods can lead to an optimal or near-optimal supervisor
for a generalized PN (Chen et al., 2011, 2012, 2014; Uzam
et al., 2013), they face the disadvantage of enumerating
that all reachable markings of a PN model, resulting in
the state explosion problem for large-scale systems.

In (Uzam and Zhou, 2006, 2007), a reachability graph are
separated into a deadlock-zone (DZ) and a live-zone (LZ),
covering all the illegal and legal markings, respectively.
An optimal supervisor should ensure the reachability of all
markings in the LZ and the non-reachability of markings
in the DZ. A first-met bad marking (FBM) is an illegal
marking, representing the very first entry from the LZ to
the DZ. In (Uzam and Zhou, 2006, 2007; Chen and Li,
2011), deadlock control policies are developed to prevent
a system from going to the DZ by controlling every
FBM. Such methods solve an integer linear programming
problem (ILPP) for every FBM to obtain a set of optimal
monitors. Note that one needs to do so not only for every
FBM, but also, for each FBM, one requires to consider
all legal markings, leading to a large-scale ILPP. Hence,
the supervisor is obtained with complex computations and
structures.

To solve the above-discussed problem, a VC approach is
provided in (Chen et al., 2011). This method can reduce
the number of considered markings in finding a controller.
By analyzing the relationship among the markings, the
markings of activity (operation) places are considered only,
aiming to find an MCdS of FBMs and an MCgS of legal
markings. It ensures that all FBMs can be forbidden if no
FBM in the MCdS of FBMs is reachable. Meanwhile, if
the system is able to reach every marking in the MCgS of
legal markings, no legal marking is prevented. Thus, one

needs to concern only the MCdS of FBMs and the MCgS of
legal markings. In this way, one can significantly reduce the
computational and structural complexity. However, this
method requires to generate all the reachable markings
and thus faces the state explosion problem, resulting in
the fact that it is inapplicable to large-scale systems.

Similarly, Uzam et al. put forward a think-globally-act-
locally (TGAL) concept in (Uzam et al., 2016b) to mit-
igate the state explosion problem for reachability graph
analysis. This method adds a temporarily global idle place
(GP) into a PN without changing the desired behavior of
the original model. It prevents deadlocks iteratively. At
the first iteration, it puts one token into the GP and the
reachability graph is generated. A controller is designed
by adding control places to prevent all deadlocks. Then,
increasing the tokens in the GP and the above procedure is
repeated to find a controller such that the GP related net
is live. This process is repeated until no reachable marking
is increased if increasing the tokens in the GP. Finally, the
GP is deleted and a live net model is found by adding all
the obtained control places.

In (Uzam et al., 2016a), Uzam et al. develop an improved
TGAL approach, a think-globally-act-locally method with
weighted arcs (TGALW). To find a supervisor with
weighted arcs, it transforms the original model into a
strictly conservative form, denoted as TPNM. In a TPNM,
if any transition fires, the number of tokens is kept to be
a constant. It claims that a TPNM has the same desired
properties as the original PN. The most important gain is
that the obtained supervisor by the TPNM is also valid
for the original PN model. Finally, this method can reach
more legal states than TGAL approach. However, at some
iteration steps, it may obtain a suboptimal supervisor due
to the fact that some legal markings are forbidden.

With a VC technique applied, our previous work (Li
et al., 2017) develops a method to improve the behavioral
permissiveness of the supervisors designed by TGAL and
TGALW. At every iteration, the considered FBMs and
legal markings are reduced by applying the VC technique.
By solving a set of ILPPs, a set of control places are
computed to prevent all FBMs at each iteration. This
method ensures that an optimal controller can be found
at each iteration. Thus, the final controlled net has more
reachable markings than TGAL and TGALW. However,
some PN models are still not optimally controlled by using
this method. This is caused by the phenomenon that there
are legal markings not appearing at the current iteration,
but they may be prohibited by the supervisor obtained in
the previous iteration.

This research reports a methodology to the design of
maximally permissive supervisors by applying the TGAL
method and the VC technique. At each iteration, the legal
markings and FBMs are reduced to be two smaller sets
by using the VC approach. For each FBM, it guarantees
that every place holds the maximal number of tokens by
modifying the marking in the MCgS of FBM-related legal
markings. By using the modified set of FBM-related legal
markings, a number of optimal control places are obtained
since no legal marking is prohibited. In this way, we finally
obtain an optimally controlled PN model.
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To save space, the basics of PNs in (Murata, 1989),
the design of a control place by a P-invariant (PI) in
(Yamalidou et al., 1996), and the VC approach in (Chen
and Li, 2011; Chen et al., 2011) are outlined in (Chen
and Li, 2017). The rest of this paper is arranged as
follows. Section II develops a number of new definitions
necessary and an algorithm for finding the possible legal
markings of a system in an iteration process. Section
IIT proposes a method by using the VC approach and
TGAL to design a supervisor with maximally permissive
behavior. Experimental studies are presented in Section
IV to validate the proposed approach. Section V draws
conclusions.

2. SYNTHESIS OF M-RELATED SUPER SUCCEED
MARKINGS

This section develops two definitions and an algorithm
for finding the possible legal markings of a system in an
iteration process. This research considers a PN with the
following assumption.

Assumption: Let P4 be the set of activity places in a
PN model. Then, given a resource place p;, there exists
a minimal PI I, such that for all p € ||L,,||\{p:}, p € Pa.

This assumption is true for all PNs modeling FMSs in the
literature for deadlock prevention.

Definition 1. Let p; be a resource place and I,, be a p;-
related PI of (N, My) with P = P°U P4 U Pg. A P-vector
W,, is called a p;-related weight vector, if

_J Ip,(p) PEPA
Wei(p) = { 0 otherwise ()

Example 1. For each resource place p;, we can always find
a PI I,,,. For example, p1g is a resource place in Fig. 1. We
have a PI related to it, namely I,,,, = (0230010001
0)7. Then, the pjo-related weight vector is Wy, =023
00100000)7.

Fig. 1. A PN model.

Definition 2. Let Mjpgy represent the MCdS of FBMs,
M € Mgy, and Ly be the MCgS of M-related legal
markings, My € Lyr. A marking M’ is called an M-related
super succeed marking of M7 if the three conditions holds:

1) M'" >4 My & M' # My;
2) (AM" € Migy)M' >4 M"; and
3) (Vpi € PR)W}, - M’ < I M.

where Ig: My represents the number of tokens in p; and
pi-related activity places at the initial marking M. A set
of M-related super succeed markings of M; is denoted as
S, -

Example 2. In Fig. 1, marking M = ps + p3 + 2p5 is the
only FBM and M; = py + 4ps (M1 € Ly) is a legal
marking. According to Definition 2, an M-related super
succeed markings of M; should cover M;. M contains
three activity places: po, p3, and ps. Thus, we can increase
the tokens in po, p3, and ps to find the M-related super
succeed markings of M;. It is obvious that ps has no more
than four tokens due to Moy(p11) = 4. By increasing the
tokens in py and ps, two markings M’ = 2py + 4ps and
M" = py + p3 + 4ps are obtained, respectively. We have
M’ >4 My and M"” >4 M;. However, M" is not an M-
related super succeed marking of M; due to M"” >4 M.
According to Definition 2, M’ = 2py + 4ps is the only M-
related super succeed marking of M, since it cannot cover
M and satisfies ng M < IZ;MO, for all p; € Pg.

Let FBM be a set consisting of all markings in Mgy,
generated in the iteration process. Next, we propose an
algorithm to modify £y produced in an iteration process,
which can find all M-related super succeed markings.

Algorithm 1 Modification of £y produced in an
iteration process.

Input: PN (N, My) for an FMS with N = (P°U P4 U Pk,
T, F, W), an FBM M (M € Mjgy\), and FBM.
Output: The modified set £};.
1. foreach {M' € Ly} do

2: if {WL - M < II'My} do /* p; is a resource
place of the PN. */
3: foreach {p;} do /* p; is a p;-related activity
place and M(p;) # 0. */
— /.
h = IT My;
while {h — —}

Mi(p;) = Mi(p;) + 1;
if {WPT My < IpTiMO} do
Add the new marking M; to the set
of Sy /* Sy is a set used to store M-related super
succeed markings of M’ that are found in an iteration

process. */
10: else
11: Break;
12: endwhile
13: endforeach
14: endif
15: foreach {M; € Sy} do
16: if {Wka - My > Ig;MO} do /* pi € Pg. */
17: Delete My from Syy-.
18: elseif {My >4 M"} do /* M" € FBM. */



CONTROL ENGINEERING AND APPLIED INFORMATICS

49

19: Delete My from Syyr.

20: endforeach

21: endforeach

22: Add the markings in Sy to Lyg.

23: Apply the VC approach for £y and obtain £};.
24: Output Lf;.

25: End.

The above algorithm can obtain a modified set £},. For
each marking M’ in Ly, we first determine whether the
tokens in the related resource place p; (p; € Pgr) are
consumed or not. If not consumed, we increase one token
in the p;-related activity place p; (p; € P® and M (p;) # 0)
and a marking M; can be obtained. It ensures that M; can
cover M'. This process ends when all tokens in the related
resource place p; are exhaustively consumed. According
to Definition 2, M; is called an M-related super succeed
marking of M if it cannot cover any marking in FBM and
the total number of tokens owned by pi-related (p € Pg)
activity places does not greater than the original number
of tokens in pg. Then, we add M; to set Ly;. By applying
again the VC approach, a new set £} is obtained. Finally,
a supervisor can be designed by using the modified £},
which ensures that all legal markings are reachable.

By using the modified set £};, Equation (10) in (Chen
et al., 2011) is transformed as follows:

Zli (M (pi) = M(p;)) < -1, YM' e Ly (2)

Theorem 1. Let M € Mgpy be an FBM, [; be a feasible
solution of Equation (2), and 3 be a non-negative integer.
Then, "  lLip; < B is a maximally permissive linear
constraint of M if such a maximally permissive linear
constraint exists.

Proof. Suppose that there is a legal marking M’ that
is prevented by Y"1 liu; < 3, and there does not exist
M" >y M, for all M" € L};. Thus, marking M’

does not satisfy Equation (2) and M’ ¢ L};. We have
SoioliM'(ps) > B+ 1, B = > oLiM(p;) — 1, and
S o li(M'(p;) — M(p;)) > 0. There are two cases to be
considered:

Case 1: M’ >4 M. By Equation (2), we cannot find a
feasible solution of I;, i.e, there does not exist a maximally

permissive linear constraint of M. The hypothesis does not
hold.

Case 2: M’ does not A-cover M. Since M’ is prevented by
Soiolips < Band M’ ¢ L}, there exists a marking M” €
L} such that M’ >4 M". First, we have M’ >4 M"” and
M'" # M". Second, M’ cannot cover any marking M; €
Mgy, since the maximally permissive linear constraint
of M, does not exist if M’ >4 M. Third, for legal marking
M’ we have Wg M’ < Ig;MO for all p; € Pg. According
to Definition 2, M’ is a M-related super succeed marking
of M", which contradicts M’ ¢ L},. Thus, the hypothesis
is not true.

Finally, by considering Cases 1 and 2, the conclusion holds.

3. DEADLOCK PREVENTION POLICY

Our previous work (Li et al., 2017) introduces a VC tech-
nique to deal with the behavioral permissiveness issue of
TGAL and TGALW approaches. At each iteration, the VC
technique is applied to reduce FBMs and legal markings
that need to be considered. By solving ILPPs, it computes
a set of control places in order to prevent all FBMs but no
legal marking is forbidden at the current iteration. Thus,
the resulting live net has more reachable legal markings
compared with TGAL and TGALW. However, for some
PN models, one is not able to design an optimal supervisor
by using this policy, since some legal markings do not
appear at the current iteration but they are prevented by
the supervisor obtained in the iteration.

To tackle the above problem in the previous algorithm,
an improved iterative deadlock prevention policy is pro-
posed here. It can design control places to ensure that no
legal marking is prohibited so as to make the controlled
system maximal permissive or it is optimally controlled.
The deadlock prevention policy is developed as shown in
Algorithm 2.

Algorithm 2 Design of an optimal supervisor by using
TGAL approach and the VC technique.

Input: PN (N, M) for an FMS with N = (P°UP4 U Pg,
T, F, W).
Output: A controlled net (N, M§).

1: Calculate the preset and postset of P, i.e., T = *P
and Tp = P°°.

2: Add a global idle place (GP) into the model such that
GP* =Tp, *GP =T, My(GP) = B, and the resulting
net is denoted as Np. /* B is the number of tokens in
the GP. */

3: for {B =1; B < K; B++} do /* K represents the
initial token sum in all idle places. */

0

4: Calculate the reachability graph of Np.

5: if {Np is live} do

6: B—|—+;

7 Go to Step 3.

8: else

9: Calculate the sets of legal markings M and
FBMs MFBM for NB.

10: Compute the MCgS M7 and the MCdS
Mgy for legal markings and FBMs, respectively.

11: Add all markings in Mfgy to the set of
FBM.

12: while { Mgy # 0} do

13: For an FBM M € Mfgy, compute the
MCgS of M-related legal markings Ly;.

14: Modify Ly by using Algorithm 1 and
obtain the modified £};.

15: Formulate an ILPP according to Equa-
tion (2).

16: Solve the ILPP and obtain I;’s (i € Ny)
and [ as the solution.

17: Compute a PI I and its corresponding

control place ps using the method in (Yamalidou et al.,
1996).

18: M = MEgwm — FT.
19: endwhile
20: Do the redundancy test (Uzam et al., 2007)

to find the necessary control places p, (i =1,2,3,...)
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if the number of calculated control places is greater
than one.

21: endif

22: endfor

23: Add the necessary control places into (N, My) to
obtain a controlled net model as (N, M§").

24: Output the controlled net (N, M§).

25: End.

The presented algorithm can obtain a set of optimal
monitors in an iterative way. First, we add a place GP
into the model that is deadlocks-prone, denoted as Ng (B
gives the number of tokens in the GP; B =1 is the initial
value). Then, the reachability graph of Np is generated
to check its liveness. If not live, the sets My and Mgpwm
are obtained. By applying the VC approach, we obtain the
MCgS M7 and the MCdS Mgy, for legal markings and
FBMs, respectively. For each M € Mgpgy, the set Ly is
modified by using Algorithm 1. With the modified £},
optimal control places are computed. By redundancy test,
the redundant control places can be removed. When the
net Np is live, the tokens in the GP is increased by one
(B = B +1) and the above process is performed again to
make Npy live. At this iteration, the monitors obtained
for Np are also kept in the net Npy;. Continue processes
until all legal markings are reachable. Finally, the GP is
removed and an optimally controlled PN model is found.

Now, a PN model with 11 places and eight transitions is
used to illustrate Algorithm 2, as shown in Fig. 2. It has
125 reachable states with 115 legal markings and 10 FBMs.
For this model, we have P° = {p;,pg} as idle places,
Pa = {p2 — pr} as activity places, and Pr = {pg, p10,p11}
as resource places.

Fig. 2. A PN model.

First, a GP is added into the model. We have *GP =
Ty =*P° = {t4,tg} and GP® = Tp = P°* = {t;,t5}. The
resulting net is denoted as Np.

Initially, we put one token into the GP (B = 1) to obtain
N;. It can be checked that Nj is live and has seven legal
markings. Then, we increase B by one such that B = 2.
The net N5 is also live, including 25 legal markings. When
the GP has three tokens (B = 3), the related net N3 is not
live. It has two FBMs and 59 legal markings. With the VC
technique, we find that Mgy, and M7 have two and 32
markings, respectively, where Mfpy = {p2+Dps5+Dps, 3p5}-
Two FBMs are added into the set FBM.

For FBM; = ps + ps + ps, the initial MCgS of FBM;-
related legal markings is Lrpm, = {p5 + D6, 2p2 + ps, 2p2 +
D6, P2 + 2ps }. First, the marking M; = ps + pg is selected.
For M, it holds Wg; My < I;; My. The po-related activity
places are py and p7. Places po, ps, and pg are the FBM;-
related activity places. The activity place ps is selected as
the only shared place. By increasing the token in it, two
markings are obtained, namely ps + ps + pg and 2ps +
ps + ps. However, none of them is FBM;j-related super
succeed marking of M7 due to ps + ps + ps >4 FBM; and
2py + ps + ps >4 FBMy, ie., Sy, =10

For the marking My = 2ps + ps in Lrpm,, we have
Wme My < IpTw M. The resource place pig-related activity
places are ps, ps, and pg. The FBM;-related activity places
are ps, ps, and pg. Then, the shared activity places ps and
pe are considered. First, we only increase the token in ps
and generate two markings, namely 2ps+2ps and 2p2+3ps.
Second, by increasing the token in pg, a marking 2ps +
ps + pg is obtained. However, we have 2ps 4+ 3ps >4 FBM,
and 2ps + ps + ps >4 FBM;. According to Definition 2,
M} = 2ps + 2p5 is the only FBM;-related super succeed
marking of Ms, since it cannot cover any marking in FBM
and satisfies W;;C - ML < IpTiMO, for all p; € Pg. Finally,

we have Sy, = {2p2 + 2ps }-

Similarly, for the marking M3 = 2ps + ps in Lrpm,, We
have Wme -Ms < I;;FIOMO. Places p3, ps, and pg are the p1g-
related activity places. The FBM;-related activity places
are pa, ps, and pg. Obviously, the shared places are ps
and pg. First, a marking 2ps 4 ps + pg is obtained by only
increasing the token in ps. It is clear that 2ps + ps + pg is
not an FBM;-related super succeed marking of M3 thanks
to 2ps + ps + ps >4 FBM;. Second, we increase the token
in pg and obtain a marking M4 = 2py + 2ps. However,
M3 is not an FBM;-related super succeed marking of Mj
since it violates inequation VVPT1 .M < IpT1 ,My. There is no
FBM; -related super succeed marking of Ms, i.e., Spr, = 0.

Finally, for the marking My = ps + 2p5, we find Wg; :
My < I;Z;MO- The po-related activity places are p, and
pr7. Places ps, ps, and pg are FBM;-related activity places.
Place ps is selected as the only shared activity place. By
increasing the token in ps, a marking M} = 2ps + 2p;5 is
obtained. The marking M} cannot cover any marking in
FBM and also satisfies inequation WpTi M < IpTi My, for
all p; € Pr. According to Definition 2, M} is an FBM;-
related super succeed marking of My, i.e., Sy, = {2p2 +
2ps}.

Then, we add all markings in Sas,, Sa,, Sum,, and Say,
into Lrpwm,- By using again the VC technique, Lrpy, iS
modified to Lppy, = {ps + ps, 2p2 + 2ps, 2p2 + pe}. For
FBM,, a PI I is designed to forbid it by meeting Equation
(2). I should make the following inequations hold I3 - (0 —
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D4l (1-1)4+l-(1-1) < =1,13-2—-1)+15-(2—1)+1g-
(0-1)< —-l,and l3-(2—1)+15-(0—-1)+1s-(1—-1) < —1.
By simplifying the constraints, we have

s < —1
lo +15 —lg < —1 and
ly—1s < —1

By solving the above ILPP, a solution is obtained with lo =
1,15 =2,1s =4, and 8 = 6. A control place p;, is designed:
p2+2p5 4446+ pp, = 6, by using the approach presented
in (Yamalidou et al., 1996). By comparison, our previous
method in (Li et al., 2017) designs this control place as:
P2+ 245 + 3p6 + pp,, = 5, which is not an optimal control
place since some legal markings are prohibited. Finally,
Mo(ps,) = 6, *ps, = {to,4t7}, and p = {t1,2t5,2t6}
are obtained. We have Mgy = Mppy — {FBM;} and
Mgy = {3ps}-

Next, for FBMy = 3ps, we have Lrpm, = {2p5}. Thus,
the only marking M = 2ps is selected. For marking M, it
holds Wg;o M < ImeMO. The pip-related activity places
are ps, ps, P and ps is the only activity place with FBM,-
related. The only shared activity place ps is considered.
However, by increasing one token in ps, a new generated
marking 3ps; can cover FBMs. No marking is the FBMs-
related super succeed marking of M. Finally, we find that
Lrpm, is not necessarily modified. For the optimal control
purpose, a PI I, is designed to meet Equation (2). Thus, Io
has to satisfy I5 - (2 — 3) < —1. We simplify the constraint
as follows:

—ls < -1

The above ILPP can lead to a solution with I5 = 1 and
B = 2. By using I», a control place ps, is designed, namely
ps + Hp,, = 2. We have Mo(ps,) = 2, *ps, = {t6}, and
ps, = {ts}. Finally, Mgy = Mipy — {FBMz}, and
Mgy = 0. That is, the related net N3 is live.

Next, we add one more token into the GP (B = 4) to
analyze the net N,. Note that the control places ps, and
Ds, are also added into the net N4. In the next iteration
process, the nets N4 and N5 are all live. When B = 6,
the net Ng can reach 115 legal markings. The iteration is
terminated since increasing the token in the GP cannot
increase the reachable markings. We remove the GP and
add the control places ps;, and ps, to the original PN.
Finally, the PN is optimally controlled. The iteration
process of the proposed approach for this example is shown
in Table 1, where the first column gives the number of
tokens in the GP, and the second and third indicate the
control places added in Np and whether Np is live or not,
respectively. The fourth column presents the number of
reachable states of Ng, and the fifth and sixth columns are
the numbers of states in the DZ and the LZ, respectively.
The seventh column indicates the control places designed
and the eighth column is the reachable states of Np by
adding the previously obtained control places.

4. EXPERIMENTAL STUDIES

We use examples to demonstrate the reported techniques.
C++ programs are developed to modify £y; and formulate
ILPPs that are solved by Lingo on a desktop with Intel
CPU Core 2.8GHz and 4GB-memory.

First, a system from (Uzam et al., 2016a) is considered.
It can produce three types of products, namely Parts 1, 2
and 3. Fig. 3 shows the system block diagram. In Fig. 3,
six types of resources (R;—Rg) are used and each type of
resource can process two products at a time. An arc labeled
by a transition (¢1—t1s) means that the resource R; pointed
to by the arc is required if the corresponding transition
t; is triggered. The weight on the arc is the number of
resources R; required. Fig. 4 gives the PN model. In this
net model, resource places p1g—p23 are used to represent
six types of resources R;—Rg, respectively. It has 19,300
reachable markings, including 935 illegal and 18,365 legal
markings. The results of using Algorithm 2 are shown in
Table 2.

Iy

'y /o,

Fig. 4. A PN model from (Uzam et al., 2016a).

When B = 7, some FBM;-related super succeed markings
are obtained by using Algorithm 1, where FBM; = py +
p3+ D6 + D7+ Ds + D15+ P1e. Similarly, when B = 8, we find
some FBMs-related super succeed markings, where FBM,
= pe + p7 + D8 + P1o + 2p14 + p15 + p1e. We modify Lrpwm,
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Table 1. The iteration steps of liveness enforcement for N

B Include ps, Np is live 7 Reachable states DZ LZ Ds, Reachable states of controlled net

1 Yes 7 7

2 Yes 25 25

3 No 59 57  Pps; Pso 57

4 Psy Pso Yes 94 94

5 Psy Pso Yes 114 114

6 Psy Pso Yes 115 115

Table 2. The iteration steps of liveness enforcement for N
B Include ps; Np is live? Reachable states DZ LZ Ds; Reachable states of
controlled net

1 Yes 15 15
2 Yes 113 113
3 No 535 1 534 Dsq 534
4 Dsq No 1,770 2 1,768 Dsy Dsy 1,768
5 Dsy --- Dsg No 4,346 4 4,342 Dsy Pss Psg 4,342
6 Psy . Psg No 8,242 1 8,241 Psr 8,241
7 DPsy o Pss No 12,527 4 12,523 Pss 12,523
8 Dsy --- Psg No 15,893 4 15,889 Dsg 15,889
9 Psy -+ Psg Yes 17,666 17,666
10 Psq -+ Psg Yes 18,253 18,253
11 psy ... Psg Yes 18,365 18,365

and Lrpm, to find the optimal control places. Finally, the
original markings and their FBMj-related super succeed
markings are shown in Table 3, where the first column
represents FBMs, and the second and third columns show
the original legal markings and their FBM;-related super
succeed markings, respectively.

From Table 3, we find that some different legal markings
have the same FBM;j-related super succeed marking. That
is to say, the same FBM;-related super succeed marking
can be obtained by different legal markings.

When B = 11, the net Nj; can reach all 18,365 legal
markings. We stop the iterations and the GP is removed.
Finally, nine control places are found as shown in Table
4. With these nine control places being added, the net is
optimally controlled. Table 5 compares the performance of
different deadlock control policies for this example.

Next, the proposed approach is applied to an FMS with
three processes. Fig. 5 shows its block diagram, including
seven types of resources (R;—R7) and 20 events (t1-t29).
The capacity of resources Ry, R, and Rg is one and the
quantity of other resources is two. The PN model of the
system is visualized in Fig. 6. In the model, resources
R1—-R7; are represented by places pog—pe2g, respectively.
There are 24,539 reachable markings, including 19,571
legal markings and 4,968 illegal markings. By applying
Algorithm 2, a GP is added into the net and the control
places are designed in an iterative way. The iteration
process is shown in Table 6.

When B = 9, some FBM;j-related (i = 1,2,3) super
succeed markings are found by using Algorithm 1, where
FBM; = p2 + ps + pa + ps + 2p7 + p1a + p15 + p17, FBMo
= p2 + p3 + pa+pe + pr+ ps + p1a + p15 + p17, and FBM3
= p2 +Pp3 + P + pr + P8 + P14 + p15 + 2p17. We modify the
set of Lrpy, to design the optimal control places. Table 7
shows the original legal markings and their FBM;-related
super succeed markings.

Finally, the proposed approach designs 20 control places.
With these 20 control places being added into the net
model, the resulting controlled net model can make

t17T L6

Fig. 5. A system block diagram.

all 19,751 legal markings reachable. Thus, the proposed
method can obtain a supervisor with maximally permissive
behavior. The obtained control places are shown in Table
8. Table 9 compares the performance of some deadlock
prevention policies for this example.

5. CONCLUSION

An improved version of the policy in (Li et al., 2017)
is reported to prevent deadlocks, leading to a maximally
permissive supervisor for a generalized PN model. A GP is
temporarily designed to prevent deadlocks in an iterative
way. Compared with the previous approach in (Li et al.,
2017), the main difference of this proposed method is that
we can find a set of M-related super succeed markings
and modify £y by using Algorithm 1. It ensures that the
control places are designed to prevent all illegal markings
while all legal markings are kept. Hence, an optimal
supervisor is found. Finally, compared with the study
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Table 3. The FBM;-related super succeed markings

FBM; The original markings

The FBMj-related super succeed markings

P2 + p3 + pe + 2p7 + 2p16
p2 + p3 + 2pe + p7 + 2p16
p2 + 2p6 + 2p7 + 2p16
p3 + 2ps + 2p7 + 2p16

p2 + p3 + 2pe + 2p7 + 2p16

P2 + p3 + pe + 2p7 + ps + P16
p2 + p3 + 2pe + p7 + Ps + P16
p3 + 2ps + 2p7 + ps + pi6
p2 + p3 + 2pe + 2p7 + ps

FBM1 P2 + 2ps + 2p7 + ps + P16

P2 + p3 + 2pe + 2p7 + ps + P16

p2 + p3 + pe + 2p7 + 2ps

p2 + p3 + 2pe + p7 + 2ps
p3 + 2ps + 2p7 + 2ps
P2 + 2ps + 2p7 + 2ps

p2 + p3 + 2pe + 2p7 + 2ps

2p2 + pe + 2p7 + ps + pi6

2p2 + 2pe + p7 + ps + P16
2p2 + 2pe + 2p7 + P16

p2 + 2p6 + 2p7 + ps + P16
2p2 + 2pe + 2p7 + P8

2p2 + 2pe + 2p7 + ps + P16

p6 + 2p7 + ps + 2p10 + P14 + P16
2pe + 2p7 + ps + 2p10 + P16

2ps + p7 + P8 + 2p10 + P14 + P16
2pe + 2p7 + 2p10 + P14 + P16
2pe + 2p7 + ps + 2p10 + P14

2ps + 2p7 + ps + P10 + P14 + P16

2pe + 2p7 + ps + 2p10 + P14 + P16

2pe + 2p7 + p1o + P14 + 2p16

2pe + 2p7 + 2p10 + P14 + 2p16

2pe + 2p7 + 2ps + 2p10
pe + 2p7 + 2ps + 2p10 + P14
2p6 + p7 + 2ps + 2p10 + P14

FBM2 2pe + 2p7 + 2ps + p10 + P14

2p6 + 2p7 + 2ps + 2p10 + P14

p6 + 2p7 + p1o + 2p14 + 2p16

2p6 + p7 + P10 + 2p14 + 2p16

2p6 + 2p7 + p1o + 2p14 + P16
2pe + 2p7 + 2p14 + 2p16

2p6 + 2p7 + p1o + 2p14 + 2p16

Pe + 2p7 + ps + p1o + 2p14 + P16
2pe + p7 + ps + p1o + 2p14 + P16
2p6 + 2p7 + ps + P10 + 2p14
2p6 + 2p7 + ps + 2p14 + P16

2p6 + 2p7 + P8 + P10 + 2p14 + P16

pe + 2p7 + 2ps + p1o + 2p14
2p¢ + p7 + 2ps + P10 + 2p14
2p6 + 2p7 + 2ps + 2p14

2pe + 2p7 + 2ps + p1o + 2p14

Table 4. Control places computed of the net shown in Fig. 4 by Algorithm 2

i 0 *ps; PE; Mo (ps,)
T po+p3 <2 t3 t1 2
2 ps4pis <3 tg,t16 t7,t15 3
3 pio+pia <3 t11,t15 tg,t14 3
4 po+pz+po+pa <4 t3,t11,t15 t1,t9,t14 4
5  p2+ps+ps+pis <4 t3,t9,t16 t1,t7,t15 4
6 pe+2us +2u15 +2p16 < 8 tg, 2tg, 2t17 ts,t7,2t15 8
7 ps 4 pio+ pra+pis <5 ti1,t16 t7,t14 5
8  2u2 +2u3 + pe + pr +2ps + 3ps + 2p16 < 12 2ts, ts, 2tg, t16, 2t17 2t1, 5,17, 3t15 12
9 wpe +pr+2us +2p10 + 214 + 3pas + 216 < 14 ts,2t11,t16, 2t17 ts,t7,2t14,t15 14
Table 5. Performance comparison of different control policies
Parameters (Barkaoui (Hu TGAL in TGALW in Our previous Proposed
et al, et al, (Uzam et al, (Uzam et al., method in Li method
1997) 2011) 2016b) 2016a) et al. (2017)
No. monitors 12 4 9 10 9 9
No. states 10,539 10,613 17,101 18,065 18,248 18,365
Permissiveness (%) 57.38 57.79 93.11 98.37 99.36 100

in (Uzam et al., 2016b), (Uzam et al., 2016a), and our
previous work in (Li et al., 2017), only this method can
reach all legal markings for a generalized PN model.

However, the presented method also has some drawbacks.
First, we need to enumerate a part of reachable markings
whose number increases exponentially with respect to the
scale of a PN model. Second, the designed supervisor
does not have a simple structure, since too many control
places are obtained by using this method. Our future work

will focus on simplifying the structural complexity of the
proposed method and improving the efficiency.
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Table 6. The iteration steps of liveness enforcement for N
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Table 7. The FBM;-related

super succeed markings

FBM; The original markings

The FBM;-related super succeed markings
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p2 + p3 + pe + 2p7 + p14 + P15 + 2p17

p2 + 2p3 + 2p7 + P14 + P15 + 2p17
p2 + 2p3 + pe + 2p7 + p1a + P15 + P17
p2 + 2p3 + pe + p7 + P14 + P15 + 2p17

p2 + 2p3 + pe + 2p7 + p1a + P15 + 2piv

Basile, F., Cordone, R., and Piroddi, L. (2015). A branch
and bound approach for the design of decentralized
supervisors in Petri net models. Automatica, 52, 322—
333.

Chen, Y., Li, Y., Li, Z., and Wu, N. (2021). On optimal su-
pervisor design for discrete-event systems modeled with
Petri nets via constraint simplification. IEEE Transac-
tions on Systems, Man, and Cybernetics: Systems. doi:
10.1109/TSMC.2021.3069201.

Chen, Y. and Li, Z. (2011). Design of a maximally permis-
sive liveness-enforcing supervisor with a compressed su-
pervisory structure for flexible manufacturing systems.
Automatica, 47(5), 1028-1034.

Chen, Y. and Li, Z. (2012). On structural minimality of
optimal supervisors for flexible manufacturing systems.
Automatica, 48(10), 2647-2656.

Chen, Y. and Li, Z. (2017). Basics of Petri nets in the logic
control of resource allocation systems, Xidian Univ.,
Xi’an, China, Technical Note SCATNO1. URL https://
sites.google.com/site/zhiwulisys/notes.

Chen, Y., Li, Z., and Al-Ahmari, A. (2012). Nonpure Petri
net supervisors for optimal deadlock control of flexible
manufacturing systems. IEEE Transactions on Systems,
Man, and Cybernetics: Systems, 43(2), 252-265.

Chen, Y., Li, Z., Barkaoui, K., and Giua, A. (2015). On
the enforcement of a class of nonlinear constraints on
Petri nets. Automatica, 55, 116-124.

Chen, Y., Li, Z., Barkaoui, K., and Uzam, M. (2014).
New Petri net structure and its application to optimal
supervisory control: Interval inhibitor arcs. IEEE Trans-
actions on Systems, Man, and Cybernetics: Systems,
44(10), 1384-1400.



CONTROL ENGINEERING AND APPLIED INFORMATICS

55

Table 8. Control places computed of the net shown in Fig. 6 by Algorithm 2

i I; *ps,; Pe, Mo (ps,)
1 pi1 + p12 <2 t13 t11 2
2 pg+pia <2 ts,t16 t7,t15 2
3 patpie <2 ta, t1s t3, t17 2
4 ps+pis <2 t7,t17 ta,t16 2
5  pe+pi2 <2 te,t13 ts,t12 2
6  pat+pis <3 ta,t17 ts, tie 3
7 s + pg + p1a +p1s <3 ts, t17 ta, t15 3
8  patps+pia+pis <4 ta,ts, t17 t3, t7,t1s 4
9 paAps+pratps <4 t7,t17 t3, t1s 4
10 p2 + p3 + pa + 2p16 + pa7 <5 ta, 5,18, t1g t1,2t17 5
11 pr + ps + pa1 + piz + paa + pis <5 ts, to, t13, t17 te, t7,t11, t15 5
12 pe + p7 + ps + pi12 + pa1a + pis <5 ts,to,t13,t17 ts,t7,t12, 115 5
13 pa + pr 4+ p11 + paz + pra +pis <6 ta, tg, t13, t17 t3,t6, t11,t1s 6
14 pa + pe + pr + piz2 + pia +pis <6 ta,to,t13,t17 t3, t5,t12,t15 6
15 p3 + pe + pr + 2ps + 2p14 + 2p15 <9 2tg, tg, 2t17 to,2t7,2t15 9
16 p3 + ps + pr + pia + pis <6 ts,t7,t9,t17 t2,ta, te, t1s 6
17 p3 + 2pa + pe + pr + 2p14 + 2p15 < 11 2ta, to, 2t17 ta, 2t3, 2t15 11
18  po + p3 + pa + pr + ps + p1a + pis + 216 <9 ta,t5,t8, 19,218 t1,t6,t7,t15,t17 9

19 po + p3 +2pa + 3ps + pr + 3p1a + 3p1s + paz <15 ts,3t7,t9, 3t17,t19 t1,ts3,ta, 6, 3t15, t1s 15
20 po+ ps + pa + pe + pr +3pus +3p14 + 315 +par S 14 4, 3ts, tg, 3t17, tig t1,3t7, 3t15, t1s 14
Table 9. Performance comparison of different control policies
Parameters TGAL in  TGALW in  Our previous Proposed
(Uzam et al, (Uzam et al., method in (Li method
2016b) 2016a) et al., 2017)
No. monitors 20 23 20 20
No. states 18,512 19,334 19,552 19,571
Permissiveness (%) 94.59 98.79 99.90 100

Fig. 6. Net model for an FMS.
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