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ABSTRACT Petri nets are used to design deadlock control strategies for flexible manufacturing systems
(FMSs), which typically involve the addition of monitors and the associated arcs to the FMS. The addition
of several monitors and associated arcs to the first constructed Petri net model significantly complicates the
Petri net controller. This paper develops a two-step method for preventing deadlocks based on a colored Petri
net and a structurally minimal approach that significantly reduces the number of monitors. In the first step,
a vector covering technique is applied to generate a minimal covered set of first-met bad markings (FBMs)
and legal markings that are respectively smaller than the sets of FBMs and legal markings. At one iteration,
place invariants (PIs) corresponding to monitors are constructed by solving an integer linear programming
problem (ILPP) to prohibit the maximum number of FBMs, while allowing all legal markings in the minimal
covering set. The purpose of the ILPP is to maximize the number of FBMs forbidden by the PIs. Then,
based on a colored Petri net, all generated monitors are combined into a global control place. Therefore,
a supervisor with minimal structural complexity can be constructed. The obtained net model is controlled
after the addition of the designed supervisor. Two instances from the literature are considered to illustrate
the proposed approach.

INDEX TERMS Colored Petri nets, integer linear programming, flexible manufacturing system, deadlock
prevention.

I. INTRODUCTION

A flexible manufacturing system (FMS) executes a variety
of tasks through the use of several processes that compete
for finite resources including machines, robots, buffers, and
fixtures [1], [2]. In an FMS, deadlock can occur as a result
of processes competing for system resources [3]. In general,
adeadlock causes a system to become inefficient and blocked,
and may even result in destructive behavior, which is usually
undesirable. As aresult, a variety of methods have been devel-
oped to address the deadlock problem, including detection
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and recovery of deadlock [4], [5], avoidance of deadlock
[6], [7], and prevention of deadlock [1], [2], [8]-[11].

Petri nets (PNs) are efficient mathematical and graphical
modeling, analysis, and control tools for FMS deadlocks [2],
[12], [13]. It is used to depict the FMSs’ properties and
behaviors, including conflict, sequencing, and synchroniza-
tion. Additionally, PNs can be applied to represent character-
istics such as liveness and boundedness [8]. The advantage of
PN over other modeling and simulation tools such as Arena
[14], [15], queuing network models [16], digraph [17], and
automata [18] are that they provide a simple representation
of the systems. Petri nets are qualified to represent systems
top-down at multiple levels of analysis and complexity, and
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they have a strong mathematical foundation that permits both
qualitative and quantitative study of such systems [9]. Dead-
lock prevention approaches are being pursued by a number of
researchers, which can work as criteria for liveness-enforcing
supervisors. These criteria involve behavioral permissive-
ness, which improves the system’s resource utilization, and
structural complexity, which results in a controller with a
small number of control places, thus also reducing hardware
and software costs, and computational complexity, which
permits the implementation of a deadlock control approach
to the large-scale systems [9], [10], [19]-[22].

Generally, structural analysis [10], [23], [24] and
reachability graph analysis [25]-[27] are used to synthesize
deadlock prevention methods based on Petri nets. Structural
analysis is a powerful method for overcoming deadlocks
in certain types of Petri net structures. In comparison to
structural analysis methods, reachability graph-based meth-
ods can result in optimal or near-optimal controllers for
generalized Petri net systems. Furthermore, these approaches
must list all of the system’s reachable states [8], [28], [29].
The purpose of this study is to discuss methods for analyzing
reachability graphs. All markings (states) on a system can
be classified into two groups, legal and illegal, based on
their compliance with a control specification. In the deadlock
prevention specification, a marking is considered legal if
it or one of its successor states may transition back to the
original marking; otherwise, it is an illegal state. A monitor
is optimal if it prevents all illegal states while enabling
legal states. In the studies [30], [31], a reachability graph is
classified into a live zone (LZ) and a deadlock zone (DZ),
with the LZ including all legal states and the DZ containing
all illegal states. Then, a first-met bad marking (FBM) is
classified as one that is illegal and indicates the LZ’s initial
entry into the DZ. First-met bad markings are a subset of
illegal states associated with deadlocks, as the system cannot
enter the DZ if all of them are prevented. Therefore, if a
set of monitors is constructed to prohibit all first-met bad
markings, then certain legal states may be forbidden. Such
that, the generated supervisor cannot be guaranteed to be
behaviorally optimal and also faces structural complexity
as a result of a large number of monitors developed. The
study [8] proposes a vector covering strategy to solve the
above problem by analyzing the relationship between various
states. Without considering all legal markings and all FBMs,
they first proposed minimal covering sets of legal and FBMs
markings be used in designing monitors. However, because
a monitor is needed for each first-met bad marking in the
minimal covered set of FBMs, a supervisor has an insufficient
number of monitors. Chen and Li [28] extend this method by
showing how to develop a structurally minimal controller that
utilizes the fewest feasible monitors. No redundant monitor
exists when this technique is used [21], [28]. Moreover,
it guarantees that the supervisor obtained is behaviorally
optimal. However, due to the complexity of solving an integer
linear program with an excessive number of constraints and
variables, it is difficult to construct a maximally permissive
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supervisor in an acceptable amount of time using this method
for a complicated net model.

In this study, we extend a strategy for supervisory con-
trol based on a controller’s structural minimization. Without
the need for iterations, the structurally minimum method is
applied to formulate an integer linear programming problem
(ILPP). By solving this ILPP, it is possible to achieve a set
of optimal or near-optimal monitors while minimizing the
monitors. Consequently, the designed monitors are signifi-
cantly reduced, and the redundancy test is omitted. Finally,
by adding a minimal number of monitors, the final net model
becomes live. In comparison to previous work [34], our
approach enables the development of an optimal or near-
optimal supervisor with fewer monitors and without the need
for iterations.

The rest of the paper is structured as follows: Section II
presents some of the basic concepts employed in this
research, including Petri nets, monitor synthesis using a place
invariant, and the structurally minimal method. Section III
provides a policy for supervisors with simple structures
to prevent deadlocks. Several experimental results obtained
using the developed approach are shown in Section IV.
Finally, Section V presents conclusions and future research.

Il. PRELIMINARIES
A. PETRI NETS
A marked Petri net is represented by N = (B T, K W, M,),
where
1. P: Set of places, P = {p1, p2, ..., Pm}, m > 1.
2. T: Set of transitions, T = {t1, t2, ..., t,}, n > 1.
3. F: (P xT)U(T x P): Input and output function of a net.
4. W: (PxT)U(T x P) — IN: Mapping function that adds
a weight to an arc, W(p, 1) > 0 if (p, t) € F, otherwise,
Wp,t)=0,allp,t e PUT,and IN= {0, 1,2, ...}.
5. M, P — IN: Initial marking of a net, and the
pth element of M, represented by M,(p), is the initial
tokens in place p.
A marked Petrinet N = (P, T, FE W, M,) is called
1. an ordinary netif W(p, t) = 1,V(p, t) € F,p € P, and

tefT.

2. a weighted net if W(p, t) > 1, (p,t) € F, 3p € P, and
dreT.

3. self-loop free if W(p, ) > 0 implies W(¢, p) = 0 and
Y(p,t) e PUT.

4. self-loopif W(t,p) > 0and V(p, 1) e PUT.
Assume that anode a € PUT, the preset and postset of a can
be respectively represented as ‘'a = {b € PUT| (b, a) € F}
and a = {b € P UT| (a, b) € F}. Incidence matrix [N]
of net N is a |P| x |T| integer matrix with [N](p, t) =
W(t,p)—W(p,t). Atransitiont € T is enabled (can be fired)
if M(p) > W(p, t), Vp € ¢, denoted as M[t), where M (p) is
the tokens number in place p. If a transition ¢ fires, it generates
a marking M’, represented by M[r)M’, where Vp € P, M’
(p) = M(p)— W(p, t) + W(t, p). The set of net N markings
that are reachable from the initial marking M,, is represented
by R(N, M,). R(N, M,) is represented by a reachability graph,
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designated as G(N, M,), which is composed of arcs and
nodes; arcs indicate transition firings labeled with ¢, while
nodes contain markings labeled with M;.

A marked Petrinet N = (P, T, E W, M,) is

1. live if Vt € T, ¢t is live at M,, YM € R(N, M,), IM €

R(N, M) such that M|t).

2. dead at M, if t € T such that M,[t).
A P-vector is a column vector I: P — Z that is indexed
by P,where Z = {..., -2, —1,0,1,2,...}.IfI #0and I
[N]=07,P-vector I is said to be a place invariant (PT). ||I|| =
{pl(p) #0}, " = {pli(p)>0},and |I]|~ = {p|l(p) <0}
are said to be respectively the support, positive support, and
negative support of place invariant of I. If [; = I(p;), Vp; € P,
Ii’s are named the coefficients of place invariant /. Assume
that 7 is a PI of a net N and M is a marking that is reachable
from M,. Then, I"M = I M,.

B. ANALYSIS OF REACHABILITY GRAPH

Consider the reachability graph R(N,My) of a net N. For
purposes of deadlock control, markings in an R(N,M) can be
categorized as good, bad, dangerous, and deadlock. A good
marking is one that is capable of reaching both the initial
and subsequent markings. A bad one has successors, but
they cannot achieve the initial marking. A dangerous marking
is capable of reaching the initial marking, but at least one
of its successors cannot reach the initial marking. A dead-
lock implies a dead state in a system that has no successor.
To ensure optimal supervision, the controlled system should
include both dangerous and good markings; these are the
legal markings indicated by M} . The legal markings for a PN
system are stated as

My = {M|M € R(N,Mo) A MO € R(N, M)}. (1)

A reachability graph is divided into two zones in [30], [31]:
a live zone (LZ) and a deadlock zone (DZ), with the live
zone containing all legal markings and the deadlock zone
containing all illegal markings. An FBM is a specific illegal
marking that can be created by firing one transition from the
live zone to the deadlock zone. The FBMs are indicated by
Mgy and mathematically represented as

Mpgy =M eDZ|3M’ eLZ, 3t eT, M [)M}. (2)

C. MONITOR FORMULATION METHOD

Yamalidou ef al. [32] developed a technique based on PI for
enforcing algebraic constraints on Petri net elements through
the construction of monitors (control places), which includes
the initial marking and associated arcs. Let [V, ] with n places
and m transitions represent the incidence matrix of an original
net that must be controlled. The monitors can be expressed as
a matrix containing the arcs connecting the monitors to the
original net’s transitions, denoted as [N.]. The original net
and the monitors are combined into a controlled net with an
incidence matrix as

=[]
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The following constraint must be satisfied when there is a
control requirement:

n
DMy < p 3)
i=1
where 8 and [; are positive integer constants, and M (p;) is
the marking of the p;. Eq. (3) is transformed by the addition
of a positive slack variable M (p,) (the initial marking of a
monitor p.), and Eq. (3) becomes

n
Dl M i)+ M (pe) =B €
i=1
Eq. (4) defines a place invariant that must fulfill the equation
IT[N] = OT. Therefore, the control place [N,] can be stated
as

[Ne]=—-L- [Np] . (5

At the initial state, the initial marking M,, (p.) of a monitor p,
can be formulated as

My (pe) =B =) li- My (pi). (6)

i=1

D. OPTIMAL MONITOR FORMULATION

Suppose we have an AMS with a net (N, M,)) and its reacha-
bility graph R(N, M,), which comprises of the M; markings
and the Mrpy markings. In this study, tokens in operation
places (denoted as P4, P4 € P) are only considered for the
purpose of obtaining a PI to prevent an FBM, indicated as
NA = {i|p; € Pa}. To prevent an FBM M € Mpgpy, the
following constraint must be enforced:

Y li-Mp)<B @)
ieNA
where
B=D Li-Mp)—1. ®)
ieNA

The prohibited condition is denoted by Eq. (7). To ensure
the maximally permissive control, after adding a monitor, all
legal markings must be kept. To guarantee that no marking
M’e Mp can be prevented, coefficients /;(i € NA) should
meet the reachability conditions

D LM )< B VM €My ©
ieNA
By substituting the g in constraint (8) into constraint (9), the
legal markings reachability conditions for an FBM can be
formulated as

YoM p)—M@p)) -1, VM eM.. (10)
ieNA
For the coefficients /i’s, solving constraint (10) generates
a set of feasible solutions. Consequently, an optimal PI is

calculated to guarantee that no FBM occurs and that all legal
markings are reachable.
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To decrease the number of legal markings M; and the
number of FBM Mppy, the study [8] introduces a vector
covering method for the place invariant control, with the
following details:

Definition 1: Let (N, M,) be a marked Petri net, R(N, My)
be its reachability markings, and two markings M and M’ are
in R(N, My). If M(p) > M’ (p), Vp € Py that is represented
by M >a M', then M A-covers M'.

Definition 2: Let (N, M,) be a marked Petri net and M} be
a subset of legal markings My, in N. If the following criteria
are fulfilled, then Mf is said to be a minimal covered set
of MLI

1) VM € My, IM'e M}, subject to M’ >x M; and

2) VM e M}, M''e M], subject to M’ >5 M and

M#£M'.

Definition 3: Let (N, M,) be a marked Petri net and
Mg, be a subset of Mgy in N. If the following criteria are
fulfilled, then M, is called a minimal covered set of Mgy

1) VM € Mpgy, IM'€ My, subject to M >5 M'; and

2) VM € Mjyy,, M '€ Mjg,,, subject to M >A M' " and

M£M'.
Mgy, and M} are respectively smaller than Mpgy and My,
when the vector covering method is used. There is no FBM
that is reachable if PIs prevent all markings in M}, ,. Mean-
while, if VM € M Z are not prohibited by PIs, and then
VM €7 are kept. The optimal supervisor is calculated using
the markings in the sets My, and M. As a result, for a
marking M € Mppy, constraint (10) can be reformulated as

Yl M () =M (pi) < 1,

ieNA

VM’ e Mf. (11)

E. MONITOR FORMULATION FOR FORBIDDING FBMS
This section describes how to construct a place invariant PI,
which prohibits the maximum number of FBMs. We can
develop a PI to prohibit a certain FBM using an approach
described in Section II-D. Indeed, more FBMs may be pro-
hibited by a PI. Next, we design a method to increase the
number of FBMs, which a PI prohibits. Initially, we use the
notations Ny', Nggyg and Ny to indicate the number of Pls,
{lIM; € M{g\, } and {i|[M; € M} }, respectively. Note that
N{ = Nfgum- Let I; be a PI for the constraint

D b -Mip) < Bj- 1 VjeNY.ie Ny, M € M
keNA
(12)

where [jk’s are the coefficients of I;, I; (j € Npgy,) a set
of binary variables, and B; is a positive integer variable.
In constraint (12), if PI J; is selected to prohibit FBM, then
I; = 1, otherwise, I; = 0.

I; prohibits the marking M; € M), if

Z L - Mi(px) Vj € Nf, 1 € Nggyp»
keNA

>Bi-i+1 MIEM;BM (13)
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To represent the relationship between I; and M; in My,
a set of binary variables ];}s (.l € Npgyp) is introduced.
Constraint (13) is modified as

D L -Mipr) VjeNf.le
keNA

Z,Bj'lj'f—l—H'(l _ﬁl) N;:BM,MI e1\41?]3M (14)

where f;; €{0, 1} and H is a sufficiently large positive integer
value. In constraint (14), f; = 1 shows that I; prohibits M,
while f;; = 0 denotes that M; cannot be prohibited by /; and
it is redundant constraint.

Constraints (15) and (16) guarantees that each FBM can be
prohibited by one PI J; as

d hi=1
JENY
fit = 1.

Constraints (17) ensures that at least one FBM can be prohib-
ited by one PI I; as

Y izl

1eNFeMm

VI € Nipy (15)

Vj € Ni,l € Nigm (16)

Vje N} (17)

The objective function maximizes the set of FBMs which, a PI
prohibits and can be formulated as

Max z= Z, 12 F"M ) (18)

The coefficients of I; and B; must meet the conditions of
reachability. Therefore, to design PI, the following ILPP is
constructed, namely, an improved maximum number of for-
bidding FBM problem (IMFFP).

IMFFP:

Max z = Zj_ Z FBM

subject to Z ik -Mi(px) < Bj - I

keNA

Vj € Ny, i€ Nfy, Mi € M} (19)
D b -Mipr) = B L+ 1—H - (1= fin)
keNA

Vj € Ny, € Nignr Mi € Mgy (20)
Z fi<1l YjeNf 1)
leNFeM

fi <L VjeN¥ leNpam (22)
Y fiz1-5 VjieNf (23)
1eNFeM

Lx=10,1,2,...} VjeN[,keNA (24)

fi=1{0,1} VjeN¥ 1 eNigm (25)
I ={0,1} VjeN} (26)
Bi=1{0,1,2,...} VjeN; 27)
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The IMFFP objective function z is employed to maximize the
set of FBMs prohibited by PIs and to achieve a structurally
minimal and behaviorally optimal supervisor, by ensuring
that all markings in M} are reachable and the number of
monitors is minimized.

Theorem 1: If z = 0, no FBM in Mf:kBM has a maximally
permissive PIL.

Proof: Assume that there is a PI I;, which can pro-
hibit marking M; € M}y, by contradiction. Due to the
permissive design of [;, its coefficients /11, I12,..., satisfy
constraint (19). Given that M; is prohibited by I;, we have
D kena lik-Mi(pr) = Bj.dj + 1. Thus, f = 1 satisfies

constraints (20-22). We have z = ZIENFBM fi = 1,
Vj e Ni". This contradicts z = 0. As a result, the conclusion is
correct. O

As known, it is NP-hard to solve an ILPP. The computa-
tional time required to solve an IMFFP is strongly influenced
by the number of variables (denoted by N,) and constraints
(denoted by N,) in it. Thus, we can discuss IMFFP in terms
of its number of variables and constraints. The number of
variables [ji’s (j € Nf, k € NA) is |M}p,,|*|Pal, where
|P4| and |M}pg,,| represent respectively the number of the
operation places and PIs. The number of variables fj;’s (j €
Ni. 1 € Mg, I’'s j € N{), and B;’s (j € Ny) are
Mgy ¥ IMEpys s IMfgy, |, and [Mfg, |, respectively. As a
result, IMFFP has |[M g, |*|Pal+ (IM}5,, D>+ 2|M g, | vari-
ables in total. Now, we can consider the number of constraints
in the IMFFP, the total numbers of constraints (19), (20), (21),
(22), and (23) are M} [*|Mgp, 1. (Mg [ 1M gy |, M7y,
IM gy ¥ IM gy and [Myp, |, respectively. Finally, the total
number of the constraints in IMFFP is |M[|*|Mzg,, |+
2(1M gy D+ 21M iy |

Ill. DEADLOCK PREVENTION METHODS

A. DEADLOCK PREVENTION METHOD-BASED IMFFP

In this section, we present a structurally minimal method
and the deadlock prevention policy to prevent deadlocks by
using IMFFP. The structurally minimal method is applied
in one iteration to develop a set of maximally permissive
monitors and minimize their number. The main advantage is
that a few number of monitors are designed and it allows for
the development of an optimal or nearly optimal supervisor.
Algorithm 1 illustrates the deadlock prevention method based
IMFFP.

Consider the FMS example in Figure 1 to demonstrate
the proposed Algorithm 1. Figure 2 shows the system’s PN
model. The model contains 20 reachable markings, 5 of
which are FBMs markings Mgy and 15 of which are legal
markings M . The minimal covered sets of FBMs M}, and
legal markings M; are Mgy, = {p2 + ps, p3 + ps, p2 + e}
and M} = {p> + p3+ p4, p5s + pe + p7}, respectively, when
using a vector covering method.

Now, Algorithm 1 is considered, we introduce

1. three binary variables I1, I, and I3 to be computed.
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Algorithm 1 A Deadlock Prevention Algorithm Based
IMFFP
Input: A net (N, M,).
Output: A controlled net (N1, My).
1. Calculate the M;, and the Mppgyy.
2. Calculate the M[* and the My, .
3. VS: = (. /* The notation VS represents the monitors
to be calculated.*/
4. for all My, do
i.  Build the IMFFP;
ii. Solve IMFFP;
if z # 0 then [* Objective function.*/
Let l/fks and f; be the solution;
else
Exit, because there is no solution;
end if
ii. Based on [;, design a monitor p,;
iv. VS: = VS U [pcl. /* All Mg, is covered */
endfor
5. Insert all obtaining monitors in VS to the initial net
(N, My).
6. Output (N1, M1).
7. End.

_-jz + Machine 1
— 4 =

=29
4

-
Robot 1

ol
oe992 s
Loading/ .‘
unloading area 'J—..A Machine 2

)

Part A: loading R1 unloading
Part B: loading Rl unloading

FIGURE 1. FMS example and its process route.

25 ged

~
AR

2. nine binary variables f11, f12, f13, f21, f22, f23, f31, f32,
and f33 to indicate if Iy, I, and I3 prohibit three FBMs
inMpg,

Finally, we have IMFFP as follows
Maxz =fui +fio +fizs +1+f+s+6B1+ /2 + 33
subjectto 15+ 16 + 117 < B1.01
lo+hz+lis < B1.0y
bs +be+ by < B
b+ b3+l < Bo.r
l3s + e + 137 < B3.13
I + B33 + 134 < B3.13
lis+hs=>p1.Lh+1—H-(1—fi1)
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P1
PA
11/01

FIGURE 2. A net (N, Mo) of a system presented in Figure 1.

lho+hs>p1.h+1—H-(1—f2)
lo+he>B1-hi+1—H-(1—fi13)
by+bhs=>p.b+1—H-(1—-f)
by+bs>pob+1—H-(1—fn)
by+he>poa+1—H-(1—f3)
Is+bs>B3.3+1—H-(1—f31)
lp+1ks>B3.3+1—H-(1-f3)
lo+le> B33+ 1—H-(1—f33)
fmt+fr+i =<1

S+t <1

fis+f3+fi3 <1
fuutfet+fiz=1-1
P+t =z1-5h
Bit+mrt+hzz1-54
fu<h.fu<h.fizs<h

1 <h.fn<h,fs<h
f1=h.f <h.f33 <1

Bie{0,1,2,...}, Vje{l,2,3}
i €10,1,2,...}, Vje{l,2,3},
ke{23,4,56,7)

fref0,1}), Vjef{l,2,3},1e({1,2,3}

I; €{0,1}, Vje{l,2,3}

The above IMFFP is solved using the Lingo solver, and
the optimal solution is /1o =2,l;5 =1, 11 = 1,11 =1,
B1 =2, fi2 = 1, fiz = 1. Then, a monitor p.| is developed
for PI1: 2uup + us + e+ ppe1 = 2. Thus, 17 prohibits FBM2
and FBM3, and the preset transitions, postset transitions, and
initial marking of the monitor p.| are respectively ‘p.; = {2¢,,
t7}, p,; = {211, ts}, and M1,(pc1) = B1 = 2. In addition,
iz =1,15 =1,13 =1, g3 = 1, f31 = 1. Then, a monitor
De2 is developed for PI2: w3 + us + upe2 = 1. Thus, I3
forbids FBM1, and the preset transitions, postset transitions,
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and initial marking of the monitor p. are respectively ‘pcy =
{13, t6}, pc;, = {n2, 15}, and M1,(pe2) = B3 = 1. All rest
variables are equal zero.

Table 1 presents a summary of the results, with the first
column indicating the calculated PI [;, the second column
indicating the number of covered FBMs in My, that are
prohibited by /;. The third to fifth columns indicating respec-
tively the output transitions Py the input transitions "p;, and
initial marking (M1,(pcj)) of monitor p.;. The sixth and sev-
enth columns indicating respectively the number of variables
N, and the number of constraints N. in IMFFP. The last
column indicating the required computational time (denoted
by W(s)) to solve the ILPP. Figure 3 illustrates the controlled
system after adding two monitors to the initial net model.

TABLE 1. Calculated monitors using Algorithm 1 for the model shown in
Figure 2.

Covered . .
PI MFBM Pq Dqj Mlo(pcj) N, Ne l‘l/(s)
L2 2t 2k 2 a0,
I; 1 b, ts 13, t6 1

b1
PA
11/01

FIGURE 3. A net (N;, M) of the net shown in Figure 2 using Algorithm 1.

B. DEADLOCK PREVENTION METHOD -BASED COLORED
PETRI NETS

A colored Petri net (CPN) is represented by N = (P, T, C, E,
K, M,), where

1. Pand T are defined in Section 2.1;

2. C(p) and C(r) are respectively represent the sets of
colors connected withp € Pand ¢ € T. We let C(p;) =
{aj1,air, ..., ay } and C(t;) = {bj] , bjz,. cey ijj } where
ui = |C(py)| and v; = [C(1)l;

3. F: I(p, t) U O(p, t): Input and output function of a
net, where the input function is expressed as I(p, t):
C(p) x C(f) — IN, and the output function is expressed
as O(p, t): C(p) x C(t) — IN;
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4. K: P — IN: represents the function of capacity
that assigns the maximal number of tokens to each
place K (p;);

5. M,: P — IN is a marking function that allocates tokens
to the places. M, (p;) denotes the initial number of tokens
in p;, regardless of their color, while M,(p;, a;;) denotes
the initial tokens in p;, which have the color a;;.

The enabling and firing rules of the transition #; in a colored
Petri net can be stated as below.
1. A transition # is said to be a process-resource-enabled if

M (p;, ain) = 1(p;, tj)ain, b)), Vpi € P,
Vpi € tj, ain € C(py), bix € C(tj) (28)

and

K(pi) = M(pi, ain) + O(pi, tj)(ain, bjk)
—I(p;, ty)ain, by), Vp; € P,
Vpi € tj, ain € C(pi), bix € C(t).  (29)

2. At marking M, the transition ¢ can fire if the f is
enabled and the marking M transformed to marking M’
as follows.

M'(pi, ain) = M(pi, ain) + Opi, t;)(ain, bjk)
—1(p;, tj)(ain, bj),
Vpi € P,aj € C(py), bix € C(j).  (30)

Definition 4: Let (N, M,) be a marked Petri net. The
deadlock supervisor for (N, M,) designed in IMFFP is rep-
resented as (V, My,) = (Py, Ty, Fy, My,). Here, (V, My,)
can be replaced by a common colored subnet that is a net
with Npc = ({pgiovai}, {Tpci Y Tpcot, Fpc, Cpe, Mpco),
where pgjopar is named the combined monitor of all control
places Py = { p;j\pe; € VS}, VS = { pc1, pc2> ---» Pej }-
Tpci = Vieys {1\t € pci}. Tpco = Vievs {1\t € p_;}. Fpc <
({pgiovat} < {Tpci U Tpco)) U ({Tpci U Tpco) % {Pglobal}) is
the set of arrows, which connect the combined monitor with
transitions (and vice versa). Cpc = Ujeys{Cpcif is the set
of all monitors color, where C,,; is the color of the monitor
Dci that maps pgjope into colors. (Npc, Mpc,) is named a
common colored subnet. For all p. € Py, Mpco(Pgiobal) =
> My,(pc), where M DCo(Pglobal) 1s an initial tokens with the
colors of the combined control place.

Definition 5: Let (N, M,) be a marked Petri net and (Npc,
Mpc,) be a common colored deadlock control subnet with
Npc = ({Pgiobar}» {TpciY Tpco), Fpe, Cpc, Mpco). We call
(Ncn, Mcpno) a controlled colored Petri net. Furthermore,
(Nen, Meno) = (N, M,) || (Npc, Mpc,), which is the inte-
gration of (N, M,) and (Npc, Mpc,), where Ncy = (PU
{Pgiovat}, TUTpciU Tpco, FUFpc, Cpc, Mcno), and R(Ncy,
Mcno) be its reachable graph.

Algorithm 2 illustrates the deadlock prevention method
by using IMFFP and CPN. Reconsider the controlled net in
Figure 3 to demonstrate the proposed Algorithm 2. Figure 4
depicts the pgjopa place of all control places Py in Figure 3,
as generated by Algorithm 2. The output arcs of pgopa that
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obtained from Algorithm 1 are represented as p,,; = {211, t5}
and pc, = {f, t5}. Therefore, Tpc, can be represented as
Tpco = {211, 2, 215}, as depicted in Figure 5. The input arcs
of peiobal that obtained from Algorithm 1 are represented as
‘pe1 = {21, t7} and ‘pcy = {13, t6}. Thus, Tpc; be stated
as Tpci = {2t, 13, t6, t7}, as displayed in in Figure 6.
In addition, MDCo(pglobal) = ZM]O(VS) = Mio(pc1) +
Mi,(pe2) = 2 + 1 = 3. Petri net model in Figure 3 contains
two color types: Cpc = {Cpc1, Cpe2 }. Accordingly, as shown
in Figure 7, the pgiopa has three colored tokens: two tokens
with color Cp1 and one token with color Cp¢2. Finally, the
controlled colored Petri net (Ncn, Mcn,) of the net shown in
Figure 3 using Algorithm 2 is presented in Figure 8.

Algorithm 2 Deadlock Prevention Method Based IMFFP and
CPN
Input: A net (N1, My)./* By using Algorithm 1.*/
QOutput: A net (Ncy, Mcno)
1. Merge all monitors Py into a single monitor (pgjopar),
considering the procedures below:
i. Design the output arcs Tpc,, then connect them
with pgjopar; /* By Definition 4%/
ii. Design the input arcs Tpc;, then connect them with
Pglobal; I* By Definition 4*/
iii. Define colors C,; for a monitor pgopar; /* By
Definition 4*/
iv. Calculate the initial tokens with colors
MDCo(Pglobal) = Z Myp(Vs). I* By Definition
4.7/
2. Add the pgjopq into the net (N1, My).
3. Output (Ncy, Mcno).
4. End

Control places by Algorithm 1

I p I pglobal
tiw,] Pt /\
a2¥ (O
) I Pa 3 \\P\cz @ / |

FIGURE 4. pgjopq of all control places Py of the model presented in
Figure 3 using Algorithm 2.

IV. EXPERIMENTAL RESULTS

In this section, we demonstrate the application of the pro-
posed Algorithms 1 and 2 by presenting some FMS exam-
ples. C++ programs are applied to generate the minimal
covered sets of FBMs and legal markings, as well as to
construct IMFFP that can be used in Algorithm 1. Then,
the Lingo solver was used to solve IMFFP. In addition,
we have coded Algorithm 2 to construct the global control
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TABLE 2. Calculated monitors using Algorithms 1 for the net shown in Figure 9.

PI Covered My P Dej Mi,(psi) N, N, ¥(s)
I 3 ’3‘; R P T 9
’ 168 352 <152
It 5 41, 41z, ta,  3ts, Ste, 14
’ 1o, Tt11 t, Tt

TABLE 3. Comparison of Algorithms 1 and 2 performance with some deadlock prevention methods for the net shown in Figure 9.

Parameters [37] [38] [39] [8] [21] Algorithm 1 Algorithm 2
No. states 205 205 205 205 205 205 205
No. control places 6 9 5 8 2 2 1
No. arcs 32 42 23 37 15 15 10
Permissiveness (%) 100 100 100 100 100 100 100
Control places by Algorithm 1 2Corq color t; Pgtobat
— 9 Pastobat pet RN t 2 Cpet color
| t,‘2 Pci o t, RN ts 1 Cpcz color t3 2 : / Y , ’tz
I . ‘ —p 1 Cpcz color
1 Cpez color ts O
| 1 Couy col . ° B g ?5 1 Cpe color and 1 Cpez color
pct color  t,
. Cpc1 O Cch

FIGURE 5. Output arcs of the pgjopqs of all control places Py of the model
presented in Figure 3 using Algorithm 2.

Control places by Algorithm 1
ts ty
ts ts I

|

- t; Paglobal
o
|

FIGURE 6. Input arcs of the pgjopq of all control places Py of the model
presented in Figure 3 using Algorithm 2.

Control places by Algorithm 1 Control place by Algorithm 2

Pei
\

ts t / 9@ t

Pu —_) Q ® —p 1 Cpez color

ts te / ~— ?5 1 Cpe color and 1 Cpez color

1 Cpeq color  t;/

2 Cper color t; Pglobat

— t.
" 2 Cpes color
1Cpcz color t3 2. v

. CDH O CFKZ

FIGURE 7. Global control place of the net shown in Figure 3 using
Algorithm 2.

point using the GPenSIM tool [33]-[36]. Figure 9 illustrates
a Petri net model, which has been studied in [8], [10], [21],
[28], [37]-[40]. It consists of 19 places and 14 transitions.
The model has 282 reachable states with 205 legal markings
and 54 FBMs. The minimal covered sets of legal markings
M} and FBMs M}, are respectively 26 and 8 markings.
The implementations of Algorithm 1 are summarized in Table
2. Next, the two resulting monitors using Algorithm 1 are
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M1

P1
PA
11/01

FIGURE 8. Controlled colored Petri net (N, Mcp,) of the net shown in
Figure 2 using Algorithm 2.

combined to form pgiopa! using Algorithm 2. The output
arcs of pgjopar are represented as Tpc, = {t1, 5t2, 214, 4to,
7t11}. The input arcs of pgiopar are represented as Tpc; =
{315, 5t¢, 3t7, t12, Tt13}. In addition, Mpco(Pgioval) =
ZMlo(VS) = M1o(pc1) + Mio(pc2) = 9 + 14= 23. Thus,
we have two color types: Cpc = {Cpe1, Cpe2}. The pgiopal
place has 23 colored tokens: 9 tokens with the color Cp¢1 and
14 tokens with the color Cp¢2. Table 3 shows the comparison
the Algorithms 1 and 2 to other existing deadlock control
methods in terms of the numbers of added monitors, added
arcs, and states of the controlled net. Algorithm 2 yields
a supervisor with one monitor and 10 arcs, both of which
are minimal in comparison to other methods in [8], [21],
[371-[39].

Next, Figure 10 illustrates a Petri net model, which has
been studied in [41], [44], [45]. It consists of 26 places
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FIGURE 10. A net (N, My) of the second FMS presented in Ezpeleta et al. [41].

and 20 transitions. The model has 26750 reachable states
with 21581 legal markings and 4211 FBMs. The minimal
covered sets of legal markings M and FBMs M}, are
respectively 393 and 3 markings. Table 4 illustrates the

68578

computed monitors for the model presented in Figure 10
using Algorithm 1. Then, the six resulting control places
using Algorithm 1 are combined to form pgjope! using
Algorithm 2. The output arcs of pgiope are represented
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TABLE 4. Calculated monitors using Algorithm 1 for the net shown in Figure 10.

PI Covered M "rpu )20 Mi,(psi) N, N, (s)
13, 2777, i1, 6415, ts, 2413, 3ho, 43,

L 8 3t16, 9117 18418 7
3t1, 14t;, 44ts, 319, 17ts, 50t10,

L 19 15t11, 50215, tg 15113, 49t7, 2t19 196

I 3 6, ts, s, 417, s 6ts, ts, Sts, t9, 34 1768 15742 <300

6t19

1 1 ts, ti6 to, t17 2

Is 1 to, t15 to, ti6 2

Is 2 t3, 1 ta, hi3 2

TABLE 5. Comparison of Algorithms 1 and 2 performance with some deadlock prevention methods for the net shown in Figure 10.

Parameters [41] [42] [43] [30] [39] [8] [21] Algorithm 1 Algorithm 2
No. states 6287 6287 12656 21562 21581 21581 21581 21581 21581
No. control places 18 6 16 19 13 17 6 6 1
No. arcs 106 32 88 112 82 101 45 45 22
Permissiveness (%) 29.13  29.13 58.64 99.91 100 100 100 100 100

as Tpc, = {911, 1613, t4, 27t7, 4513, 4t9, 2t11, 48115,
i, 13117, 46t18}. The input arcs of pgiopa are repre-
sented as Tpc; = {613, t4, 18ts5, 29tg, 219, 54t10, 17113,
t16, S0t17, 1811, 8ti9}. In addition, Mpco(Pgiobal) =
ZMIO(VS) = Mlo(pcl) + Mlo(pCZ) + Mlo(pCZ) +
Mlo(pc3) + Mlo(peS) + Mlo(pc6) =71 + 196+ 344 24 2+
2 = 341. Thus, we have six color types: Cpc = {Cpc1, Cpc2,
Cpe3s Cpeas Cpes, Cpeo ). The pglopar place has 341 colored
tokens: 71 tokens with color Cp1, 196 tokens with the
color Cpe2, 34 tokens with the color Cpe3, 2 tokens with
the color Cpe4, 2 tokens with the color Cp.s, and 2 tokens
with the color Cpc6. Finally, the comparison of the Algo-
rithms 1 and 2 performance with some deadlock prevention
methods in terms of the numbers of added monitors, added
arcs, and states of the controlled net is shown in Table 5.
Algorithm 2 provides a controller with one control place and
22 arcs, both of which are minimal in comparison to other
methods in [8], [21], [30], [39], [41]-[43].

V. CONCLUSION

This paper presents an approach for preventing deadlocks
based on colored Petri nets and a structurally minimal
method. First, a vector covering technique is applied to cal-
culate a minimal covered set of FBMs and legal markings.
By solving an ILPP in one iteration, place invariants cor-
responding to control places are constructed to prohibit the
maximum number of FBMs. The first-step-obtained con-
trolled model makes the Petri net supervisor significantly
more complicated. In the second step, colored Petri nets
are applied to design the smallest number of monitors by
integrating all generated control places into a single global
control place. In comparison to previous work [8], [21], [30],
[37]-[39], [41]-[43], our approach enables the development
of an optimal or near-optimal supervisor with fewer monitors
and without the need for iterations to design place invariants

VOLUME 10, 2022

to prohibit the FBMs, while there are no prohibited legal
markings.

The main disadvantage of the developed approach is that
it is subject to modifications in control requirements and
specifications, such as adding new equipment and products
or modifying the system’s processing routes. In the case that
these problems appear, the system must be changed. The
proposed model may thus be subject to new deadlock prob-
lems. Therefore, our future study will focus on optimizing
the efficiency of the proposed method for valid and quick
reconfiguration of the FMS [46] and the fault and its security
issues [47], [48].
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