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Abstract: After the fourth industrial evolution, precision and automatic manufacturing have become
increasingly widely accepted in production. With highly variable productivity and flexibility, flexible
manufacturing systems (FMS) lower production costs and increase efficiency. Due to its resource
shareability, unexpected system deadlock may occur in some specific situations. Many existing works
use deadlock prevention as the primary control methodology in research on system deadlock control,
while this type of control policy would constrain the transportation resources and reduce the system’s
liveness. This paper adopts a new transition-based deadlock recovery policy as the direct control
strategy, which uses generating and comparing aiding matrix (GCAM) to determine the optimal
control transition. We also improve the existing GCAM-based method by reducing the computational
redundancy. This kind of control strategy and its benefit could be demonstrated through two typical
systems of simple sequential processes with resource (S°PR) nets and their Petri nets model.

Keywords: flexible manufacturing systems; Petri nets; control transition; deadlock recovery

1. Introduction

The flexible manufacturing system (FMS) [1-8] is an important and advantageous
concept in industrial areas that adapts to various productive requirements. However, its
high resource share ability can result in system deadlock occurring due to competition
for resources between different pre-designed processing sequences. Petri net (PN) [9-18]
is a modeling language theory, also a kind of discrete event dynamic system (DEDS),
which is a powerful tool for addressing the deadlock problem of FMS. Additionally, PN
is applied to various systems, such as automated manufacturing systems (AMS) [19-24],
flexible assembly systems (FAS) [25], reconfigurable manufacturing systems (RMS) [26],
and resource allocation systems (RAS) [27]. In contrast to the most adopted deadlock
prevention strategy [28-33], some existing work uses deadlock recovery as the significant
control policy [34-43], because of its higher system liveness.

There are two primary analyzing methodologies for system deadlock of FMS: struc-
tural analysis [44-52] and reachability graph (RG) analysis [28,29,53]. Structural analysis
is based on some structural items (or subnet) for deadlock prevention policy, including
siphons and place invariants (PI). This type of control policy is usually implemented by the
set of control places and relevant arcs. However, this way obtains merely the suboptimal
solution and cannot achieve maximal liveness.

In most of the research, RG analysis is regarded as the most outstanding method for
dealing with the system deadlock of FMS. This kind of analyzing method first explores
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all possible markings, which can be reached by initial marking. The set of all reachable
markings is called RG and can be further classified as legal, quasi-deadlock, deadlock
markings, etc. In RG, all markings are presented as individual nodes and connected
by directed arrows, representing transitions’ firing events. This way, it can clarify the
relationship of each marking in RG and help design solutions for the deadlock problem.
In most works, RG analysis seems to obtain the optimal solution to attain deadlock-free
and maximal system liveness. Even so, this method may suffer from marking explosion
problems when considering the system model with a more complex structure. The system
deadlock problem of the PN model of FMS is known as an NP-hard problem, and it is not
easy to find the optimal solution. Liu [54] further proved that the deadlock problem of
such bounded PN of resource allocation (PNRA) is PSPACE-complete.

When considering the PN model with a larger scale and higher complexity, it is
necessary to use assistant computer tools to explore the whole RG. In this paper, we use
INA [55] and PNTools [56] to help illustrate the PN model’s RG. These tools can also
recognize the property of each kind of system marking.

Chen [29] et al. proposed an optimal deadlock control policy based on the RG ana-
lyzing technique. They define the entry markings from the live zone to the dead zone of
RG, which are called first-met bad markings (FBMs). The control policy is applied to the
original PN model by the place invariant (PI) method, which designs a subnet controller
consisting of control places and related arcs. This method can forbid all markings in dead
zones and keep all legal markings reachable. However, the forbidding of such markings
causes a reduction in the liveness of the system.

In past research on dealing with the deadlock problem of FMS, the deadlock prevention
approach aims to apply well-designed constraints to the system to prevent it from reaching
deadlock states. However, this kind of deadlock control approach decreases the reachable
states and reduces system liveness. In order to remove system deadlock and keep system
liveness simultaneously, deadlock recovery was introduced. The existing literature used
various approaches to obtain highly effective controllers for achieving deadlock recovery
strategy, such as graph techniques [34,43], structural analysis [37], RG analysis [35,38,39,41],
integer linear programming problem (ILPP) [33], generating and comparing aid matrix
(GCAM) [40,42], etc. Here, we give a summary of these works.

Huang et al. [34] first developed the control transition (CT) concept to deal with
the deadlock problem in FMS. CT is a subnet of the PN model, which is constructed by
transition rather than control places. A PN model uses a transition to reallocate tokens
of all places and transform the system into another marking. Via this method, CTs are
appropriately designed to lead the deadlock markings to legal ones. However, each CT is
designed to recover only one deadlock marking in their work. When considering a more
complicated model, there are possibly hundreds of deadlock markings, implying that the
same number of CTs must be generated to solve them.

Based on RG analysis, Zhang and Uzam [35] developed a covering approach to further
reduce the amount of CTs for deadlock recovery. In their study, the minimal set of CTs is
obtained and added to the original PN model. However, this recovery method still does
not achieve maximal liveness.

Chen et al. [36] developed two iterative methods using an integer linear programming
problem (ILPP) to determine the optimal recovery transition. At every iteration, ILPP is
formulated to maximize the number of solved deadlock markings until all deadlocks are
entirely recovered.

Dong et al. [39] developed an iterative method for designing the optimal deadlock
recovery policy. In each iteration, they first design recovery transitions for each dead-
lock marking. Then, a vector intersection approach is introduced to compute a recovery
transition, which can recover multiple deadlocks.

Pan [40] first introduced the concept of GCAM, which is used to enumerate all possible
CTs with recovering ability. Then all CTs in GCAM will be compared with others to find
out the CT that can recover the most deadlock markings. Tseng et al. [42] proposed
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a computational concept to reduce the much higher computational cost of the GCAM-
based method due to the explosion problem of RG analysis when considering the more
complex system.

In our study, we further improve the existing GCAM-based method by reducing the
computational redundancy. Solving the system deadlock problem of the PN model of
bounded PNRA is a PSPACE-complete problem, so the computation consumption on time
and space grows exponentially when considering a more extensive system. Therefore,
decreasing the computational cost as much as possible is crucial.

The main contributions of this paper are summarized as follows:

1. Improve FMS'’s existing GCAM-based deadlock recovery strategy by reducing com-
putational time and redundant steps. The system deadlock problem of FMS is an
unexpected situation known as a PSPACE-complete problem; thus, the consumption
of time and space (memory) may grow substantially. This study proposed approaches
to lower computational costs and achieve higher efficiency than existing methods.

2. This paper uses a deadlock recovery control policy to address the system deadlock
problem based on control transition and GCAM. Though we adjust the existing
algorithm for higher computational efficiency, the proposed method still maintains
the same experimental results. As stated above, our method has the identical effect
and lower computational cost.

3.  Incomputational complexity theory, the complexity of an algorithm is usually denoted
by Big-O notation, which is a function of the size of the input problem n. When
considering the deadlock problem of the PN model, the parameter 7 is the size of the
model or its incidence matrix. However, while using RG analysis and GCAM-based
recovery method, the parameter n of estimating complexity may vary, such as the
scale of RG, legal zone, or the set of deadlock markings. In this paper, we propose an
efficiency evaluation approach for analyzing and estimating the improvement of the
proposed method.

This paper has been organized in the following way. Section 2 gives an overview
of PN theory. Section 3 concerns the central methodology and control strategy used for
this study. Section 4 develops an algorithm for obtaining optimal control transition and
a function for computational efficiency evaluation. Section 5 introduces two classic PN
models of FMS to demonstrate the proposed method and compare it with existing works.
The final section gives a summary and conclusion.

2. Preliminaries
2.1. Petri Net

A Petrinet N is a 5-tuple net N = (P, T, F, W, Myp) [57,58], where P and T represent
the set of places and transitions, respectively. Both of them are finite setsand PUT # &,
PNT = @. F is the set of arcs (flow relation) between places and transitions, where
F C (PxT)U(T x P). The set W: F — N represents the weighted value of each arc
belonging to net N, which W is a multiset of positive integers. A system marking (or
marking) M means the token allocation in the PN model and My denotes the initial marking.
Note that a marking of the PN model is usually denoted as a multiset or an integer vector,
representing the number of tokens stored in every place. For straightforward reading, a
marking M is usually presented as }_,cp M(p) X p.

Given a node of PN model x € P U T, the pre-set *x and the post-set x* are defined as
*x:={ye€PUT|(y,x) € F}and x*:= {y € PUT|(x,y) € F}, respectively. A transition ¢
is enabled for firing at marking M iff 3p € *t : M(p) > W(p, t), which can also be denoted
as M[t). On the contrary, t is disabled for firing if Ip € *t : M(p) < W(p, t), which can
also be denoted as —M(t).

A PN model N can also present as an incidence matrix [N] — Z [14,57-61], which
isa |T|x|P| integer matrix and indexed by T and P. The incidence matrix can precisely
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describe a PN model in mathematical formation. An incidence matrix of a PN model
must hold:
W(t p), (t,p) € EN(p,t) ¢ F
N]izyxip(tp) = § =W(p,t), (t,p) € FA(p,t) €F D

0, otherwise

An incidence matrix could be divided into two parts: input matrix [N ]\JFT\ «|p|(tp) =

{[N]lT‘X‘Pl(t,p)Wp,t c N} and output matrix [N] 7 p((t,p) = {[N]mxm(p, t)‘Vp,t e
N}, where [N] = [N]" — [N]~. Each negative element in [N] (or each non-zero element in
[N]7) represents one directed arc leading from place to transition, and so on. For easier
understanding, here is an example of the PN model of FMS shown in Figure 1. The
incidence matrix of the PN model in Figure 1 is shown in Equation (2).

Pr P2 P3 P4 P5 Pe P7 P8 P9 P Pu
t -1 0 0 O O 0 0 -1 0 07
t o -1 1 0 O O O O 1 -1 0
t3 0 0 -1 1 o 0o o o0 0 1 -1
ts o 0o o o0 1 0 O -1 0 0 -1
te 0o 0 o0 0 -1 1 0o 0 0 -1 1
ty o o0 o o0 o0 -1 1 0o -1 1 0
tg Lo o o0 o o o0 -1 1 1 0 0]

Figure 1. A control transition of PN model, which is generated via two markings.

The PN model of Figure 1 has 11 places and 8 transitions in total, which are illustrated
as hollow circles and black bars in Figure 1. Each pair of place and transition has a directed
arc, and its corresponding value in the incidence matrix [N] 1|, |p| would not be zero. For
example, given an arc lead from place pg to transition ty, then [N](t7, ps) would be —1.
Considering another arc leading from transition #; to place pg, [N](t2, p9) would be 1, and
so on. An incidence matrix of the PN model can describe its flow relation in detail.

2.2. Reachability Graph Analysis

With many advantages mentioned above, reachability graph (RG) analysis is adopted
as the main analyzing technique for designing an optimal deadlock recovery policy. In RG
analysis, all reachable markings of a PN model, which means the marking can be reached
from the initial one, are enumerated for further analysis. In RG, these markings can be
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presented as nodes and connected by directed arrows labeled with a transition of the PN
model, whose firing causes reaching from one marking to another.

By illustrating the RG of a PN model, all reachable states (markings) in the system
and their relation will be explored. These markings’ properties would be used in advanced
computation to design an optimal CT for solving deadlock problems. The reachable
marking and RG could be defined as follows:

Definition 1. (Reachable marking) Given a PN model R(N, My), and each reachable marking M
must satisfy that Mo[o) M, which o denotes a fireable transition sequence.

Definition 2. (Reachability graph) Given a PN model R(N, My), and the relevant reachability
graph G(N, M) satisfying that VM € G(N,My),0c € T € N s.t. My[o)M.

All reachable markings of a PN model could be grouped into three types: legal, quasi-
deadlock, and deadlock markings, which are denoted as M, Mg and Mp, respectively.
The characteristics of these various types of markings could be well-described as the
following definitions.

Definition 3. (Deadlock marking) Given a reachability graph G, the set of all reachable deadlock
markings could be defined as follows:

Mp = {M|M € R(N, M) AVt € T : =M[#)} 3)

Definition 4. (Legal marking) Given a reachability graph G, the set of all reachable legal marking
could be defined as follows:

M, = {M|M € R(N, My) A My € R(N, M)} 4)

According to Definitions 3 and 4, the deadlock range and legal markings are clearly
separated from RG. However, there are still some other markings in RG that do not belong
to Mp or M|, which are so-called quasi-deadlock markings. The set of quasi-deadlock
markings is indicated as M, where it means the markings belong to illegal zone but the
system still not in a deadlock situation yet, i.e., there is at least one transition enabled in
Mg € Mg. According to Equation (4), it is believed that every quasi-deadlock marking
must reach a deadlock marking in the end. The set of quasi-deadlock markings could be
defined as follows:

Definition 5. (Quasi-deadlock marking) Given a reachability graph G, the set of all reachable
quasi-deadlock markings satisfying that Mg = G(N, Mo)\(Mp U Mp).

For easier understanding, we take the PN model in Figure 1 as an example. After
traversal from the root node M) via simulation tools, such as INA [55] or PNTools [56], a

total of 20 markings of RG are obtained. The contents of all markings are listed as Table 1.

Table 1. All markings PN model in Figure 1 and their contents.

M; [Mi]11p) Ypep Mi(p) xp

My 30000003 1 1 1] 3p1+3ps + po + p1o + P11
M 210000030 1 1 2p1 4 p2 4+ 3ps + po + pu
M, 3000100211 0 3p1 + ps +2ps + po + p1o
Ms 2 010000310 1 2p1 + p3 +3ps + po + 11
M, 210010020710 2p1 + p2 + ps + 2ps + pio
Ms 30000102101 3p1+ pe + 2ps + po + p11
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Table 1. Cont.

M; [Mil1x1pi Ypep Mi(p) xp

Mg :l 1 1.0 000 3 0 O 1: p1+p2 + p33+3pg + p11
My 2 0 010 0 0 3 1 1 0 2p1 + pa +3ps + po + P10
Mg 2 010100210 0 2p1 + p3 + ps +2ps + po
My 2 10001020 0 1] 2p1 + pa2 + pe +2ps + P11
Mg 3 000110110 0 3p1 + pr +2ps + p1o + P11
M 300000 120 1 1 3p11 + ps + pe + ps + po
My 1 10100 0 3 0 1 0 p1+ p2+ pa+3ps + P10
Mis 1110100 2 0 0 0 p1+p2+p3+ps+2ps
My 2 10011010 0 0 2p1 + P2+ ps+ pe + ps
M5 300010110 1 0 3p1+ 5+ pr+ ps + P10
Mg 1011 00 0 3 1 0 0 p1+ p3+ pa+3ps + po
M7 3 00001110 0 1] 3p1+pe+p7+ps+ru
Mg 0 1 1100 0 3 0 0 0 P2+ ps3 + pa +3ps

Mo 3 00011100 0 0 3p1+ ps+ pe + p7

And its RG is illustrated in Figure 2, with each marking as a node and transition as a
directed path. According to Definitions 3 to 5, Mp = {Mi3, M4}, Mg = {Ma, Mg, My}
and the rest belong to M.

Figure 2. RG of the PN model is shown in Figure 1.

2.3. Control Transition

Instead of using control place, this paper uses control transition (CT) as the main
technique for dealing with the system deadlock problem of FMS. As mentioned above,
system deadlock of FMS usually occurs because its high resource shareability could lead to
resource competition between more than one scheduled sequence. According to elementary
PN theory, places used to contain one or more tokens representing different meanings.
When any transition fires (if enabled), tokens in part of places will be reallocated and
transformed into new markings. Therefore, every transition could be illustrated as a
directed arrow connecting a pair of markings in RG.

As stated above, system deadlock is unexpected in the operational sequence because
no transition is enabled in the deadlock situation. In this study, we adopt the deadlock
recovery technique as the main control strategy based on CT. CT is a set of well-designed
transitions, denoted as 7, and 7, N T = @. CT is usually designed for recovering system
liveness under deadlock marking, i.e., CT can form new paths of deadlock marking in RG.
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According to elementary PN theory in Section 2, a transition ¢ fires in a marking M
would be denoted as M[t)M’, where M’ is a newly generated marking after firing. Then,
the value of marking M’ could be calculated by M = M + [N](t). A new transition can
also be calculated this way when two endpoint markings are already chosen. Supposing
there are two markings My, M, € G(N, M), and a generated CT ¢, between them will be
?o(M1, Ma) = Y pep Ma(p) — M1(p). And 7, could be further defined as follows:

Ze(x,y) == {y —x|[Vx,y € G(N, Mo)} )

where x and y represent any two nodes (markings) in RG G(N, Mp). According to the
example in the last paragraph, (x,y) = (M1, M) and 7,(Mi, M) = M, — M;. Note that
a system marking also can be denoted as a multiset or a 1-dimensional array. In this case,
markings are presented as an array for quickly calculating, and ¢, also can be presented as
an array of the same length. The RG of ¢, M, and M; is shown in Figure 3.

C M, = {Ml(Pl), M1(p2), M1(p3). M1(,U4)' Ml(Ps)} )

Te={(M(p1)—(M(p1)), (M (p2)—(M(p2)), (M (p3)—(Ma(p3)),
(My(p)—(Mx(p4)), (Mi(ps)—(Mz(ps))}

( M, = {/Wz(Pl), /Wz(pz), Mz(p3). Mz([h)' ]WZ(PS)} )

Figure 3. A control transition of PN model, which is generated via two markings and a mapping
from one to another.

3. Control Policy Based on Deadlock Recovery
3.1. Generating and Comparing Aiding Matrix (GCAM)

This paper aims to obtain the optimal transition-based controller to recover all system
deadlocks and provide maximal liveness. Building the generating and comparing aiding
matrix (GCAM) is necessary to develop the proposed deadlock recovery policy. Each PN
model has its corresponding GCAM, which could find out all possible CT for dealing with
deadlock markings. As mentioned in Section 2.3, a CT in RG is used to form new paths
leading from one marking to another. To solve system deadlock, the predecessor of CT
must be a deadlock marking, and the successor must be a legal one.

A GCAM G is a 3-dimensional integer matrix indexed by |Mp|, |[ML| and |P|.
For easy understanding, all markings and CT could be regarded as independent nodes,
then GCAM could be simplified as a 2-dimensional matrix Gy, |xm,|

_{{0 (MD"’ MLJ’)LGN;AD,]'GN;AL - {MLJ' B MDiLGNLD,jGNL
Q| Mp|x| M| Means that the generated CT Z, with ability to lead from Mp, to ML].. To
perform the entire property of GCAM and each CT, the complete GCAM is presented as a
3-dimensional integer matrix, while each CT 7, is written as a |P|-length array.

To build the whole GCAM, the characteristics of each RG marking must be verified
first, such as legal, quasi-deadlock, and deadlock marking. With such proper definition
above, the composition of RG and its scale could be well-defined. Here, we introduce two

1-dimension vectors, the deadlock zone vector, and the legal zone vector, to help illustrate
the GCAM, which are defined as follows:

. Each element belongs to

Definition 6. (Deadlock zone vector) Given a reachability graph G and a set of all deadlock marking
Mp, and its deadlock zone vector [Dly | pq,, holds Vi € [Dly a1 My € M.
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G mplx My = W mp <1 x [£] = [D]" x rwim, =

Definition 7. (Legal zone vector) Given a reachability graph G and set of all legal marking M,
and its legal zone vector [L]y, |y, | holds VEj € [L]ynq, ) My, € M.

These two vectors are used to list out all elements in Mp and M| in array formation.
Then the whole GCAM G can be built as follows:

o(Mgy, Mg) 2:.(My,Mg,) -+ 2. M, , My,
{0 (Md2/ Mfl) {6‘ (Mdzl Mfz) T Zﬁ Mdz/ ij (6)
f& (Md,Mf]) f& (Mdi/MLﬂz) 'l-& (Mdlle])

where i € NLD,]' S NLL.
Considering each CT as a |P|-length array, the GCAM can be re-written as follows:

Hi {ﬂ(Mdv Mf1)(p1) 12 (MﬂfVMfl)(pz) Z0(1\/141’]\/If1)(l7k) 17
{0<Md1/ Mfz)(pl) 2 (Mdefz)(pz) (2 (Ma’erfz)(Pk)
Kz (Ma,q/ ij)(Pl) Z. (Mdl,ij)(Pz) Z. (Mdlfoj)(Pk) |
[ 2o(May, Mey)(p1)  2e(May Mey) (p2) o (M M) (Pr) |
2 (Mﬂfz/ Mfz)(Pl) (2 (Mderfz)(PZ) Ze (Ma’erfz)(Pk)
G Mp|x| My x|p| = | | Ze (Mdz/ ij)(Pl) e (Mdszfj)(Pz) R (Ma/’z'ij)(pk) | @)
2 (Md,-/ Mfl)(pl) 12 (Md’f'Mfl)(pZ) 2 (Md[’Mf1)(pk)
Zc (Mdi' Mfz)(pl) Ze (Mﬂ’i'Mfz)(pZ) 12 (Mdi'Mfz)(pk)
|| e (M{zi, ij> () 2. (Mdi,ij) (p2) Z. <M¢i,ij) (Px)

where i € NLD,]' € NLL and k € Nj.

3.2. Comparing Computation

As mentioned above, a GCAM of the PN model is used to find the optimal CT
to address the deadlock problem. In GCAM, all possible recovering paths in RG are
enumerated, and each CT can solve at least one deadlock marking. According to definitions
of transition and CT, its ability to reallocate tokens can form the paths from one marking
to another in RG. Please note that not only one marking in RG satisfies the requirement
of firing a certain transition. A transition, especially a CT, is possibly fired in more than
one marking, i.e., a CT may recover more than one deadlock marking concurrently. In
order to find the CT with maximal recovery ability, it is necessary to process comparing
computations. When a CT appears more than one time in GCAM, then it is known that
this CT can solve more than one deadlock marking. For example, supposing there is a CT
t.(My, My) in GCAM, which can solve deadlock marking M, and lead it to legal marking
My. Then there is another CT ¢/, (M’,, M/,) such that ¢ ; = ¢,. Then, it is clear that ¢, can
solve two deadlock markings, M, and M’,.

Therefore, it is essential to compare all CTs to find the optimal one that can solve the
most deadlocks. In the proposed method, we first pick up one CT from GCAM, then it will
be compared to all others to find out its coverability in GCAM and recovery ability. After
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comparing the computation between all CTs and the rest of them, we check the recovery
ability of every CT and choose the optimal one as the leading solution in this iteration.

3.3. Redundancy Reduction Approach

Solving the deadlock problem of FMS is known as a PSPACE-complete problem. The
computational cost of solving such a problem may cause an exponential increase when
considering a more complex system. This paper aims to improve the existing method for
higher efficiency and keep the same experimental results. Some techniques are introduced
in the following section to reduce computational consumption and enhance efficiency.

Theorem 1. Given a GCAM G, then each CT in the same row, which has the identical predecessor
Mp, has different values.

Proof of Theorem 1. According to Equation (5), a ¢, can be obtained via ¢, (x,y) =y — x,
where x,y € G(N, Mp). Considering a CT ¢, in GCAM, the predecessor of Z, must be
a deadlock marking, and the successor must be a legal marking. Every CT in the same
row must have an identical predecessor Mp, and each of them can lead to different legal
markings M;. According to Equation (5), suppose that every x of Z,(x,y) in the same
row equals the the same Mp, and y represents each legal marking M; € M. Each 7,
belonging to the same row must be different from each other. O

Theorem 1 is introduced in the following methodology to reduce the computational
redundancy. In the comparing computation, each CT in GCAM must be compared with
others. Once the same CT is found, the rest of this row will be skipped, and the next
comparison will start from the next row (deadlock marking). This way, it can reduce the
computational cost a lot.

We also introduce another technique for redundancy reduction, which can help de-
crease the computational cost by comparing two CTs. It is known that CT is a | P|-length
vector. The comparison between two CTs usually starts from the first element of them until
the comparison of all elements is completed. Then the similarity of both CTs would be
identified. If the characteristic differences of each pair of CTs can be accurately recognized,
then the same results can be obtained even without full-length comparisons. In Theorem 2,
it is assumed that two CTs are different if any element of them is unequal.

Theorem 2. Given two CTs £, ¢/, € G for comparing computation. Once any element in ¢, and
¢!, are different, such that ¢ ,(p) # ¢, (p), then it is clear that £, # Z,.

Proof of Theorem 2. When it is said that Z, = 7/, all elements in Z, must be equal to
another one in the corresponding position of 7/,, i.e., Vi € N} : Z,(p;) = ¢, (p;). On the
contrary, if any element in 7, is not equal to another one in 7/, i.e., Ji € NIJ; 2 2. (pi) #
2!, (p;), it is clarified that 7, # ¢,". O

3.4. Recovering Coverage Function

In the proposed GCAM-based deadlock recovery policy, each CT is designed to form
a new path in RG to lead the system from deadlock to legal situation. Note that at least one
deadlock marking satisfies any CT’s firing constraints. It implies that a CT can recover one
or more deadlock markings. To evaluate the recovery ability of all CTs, we introduce the
recovery function to evaluate their recovery ability.

Definition 8. (Recovery function) Given a CT ¢, € G and a deadlock marking Mp € Mp.
Suppose that » 1, () denotes whether 7. is able to recover Mp and satisfies:

{1, Mp|z.) @

7 leo) =
MD( 2 0, otherwise
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and its recovering function could be defined as R(Z.) = Yppemp #Mp (Ze)-

4. Algorithm

In this section, we develop a GCAM-based algorithm for designing the optimal re-
covery solution with maximal system liveness. The deadlock problem of FMS is known
as a PSPACE-complete problem, implying that it is also an NP-hard problem. Solving
such a problem means costing plenty of computational space and time. This GCAM-
based method can find the optimal CT and recover all deadlock markings, which Pan
first proposed [40]. In this paper, we further define it more precisely and improve its
computational cost. We also designed an efficiency evaluation function to evaluate the
improved method’s advantages.

Here, we summarize the main steps of the proposed method:

Given a PN model of FMS, its RG must first be illustrated.

Confirm the property of all markings, e.g., legal, quasi-deadlock, and deadlock markings.
Build the corresponding GCAM.

Run the comparing computation to find out the optimal CT.

Add the CT to the PN model and back to step 1.

In this paper, we use GCAM and CT as the main solution techniques. Therefore, the
GCAM would be built in each iteration after the RG was obtained. Note that a CT may
be able to solve one or more deadlock markings, i.e., a CT may appear one or more times
in GCAM. In order to find out the optimal CT, which can provide maximal liveness, it is
necessary to compare each CT in GCAM to evaluate their frequency.

However, the number of possible CTs depends on the magnitude of RG. The size
of GCAM becomes much larger when considering the PN model with more complexity.
Therefore, in Section 3, we introduce some techniques to improve the original approach [40],
which can provide higher efficiency in obtaining the optimal CT. An overview of the
procedure of comparing computation is presented in Figure 4.

In Figure 4, the GCAM is firstly illustrated as a box to represent a 3-dimensional matrix
G\ Mp|x|M,|x|p|- After building the GCAM, we implement the comparing computation

AR

to obtain the optimal CT. First,a CT ¢, (M dir Mf].) was chosen as the former one within

comparison, presented as a blue bar. Then another CT 7., (M dor Mfﬁ) was chosen as the

latter one, which is presented as a bar in red color. According to Theorem 1, please note
that there is at most one CT in row M ,, which is illustrated as a pink bar, equaling to

Z, (M dir ij). Once a CT belongs to row M, is recognized as having the same value

with 7, (Mdi, Mf],) ,le.,Z, (Mdl,, M,gj) =7, (Mda, Mgﬁ) , the comparing computation
for the row M, would be skipped, and the next comparison will start with the first CT in
row My, ., as the latter one.

After comparing computation, the optimal CT, or the CT with maximal R(Z.) in other
words, is obtained and able to solve the maximal system deadlocks. Then 7, would be
added to the original PN model and forming a new RG. If Mp # @ in the next iteration,
GCAM would be built via newly generated RG.

Here, we develop the proposed Algorithm 1 as follows.

Note that not all deadlock problems can be solved entirely just by adding one CT.
Therefore, we adopt an iterating method to obtain the set of the optimal CT 7. In each
iteration, it is always to choose the CT with the maximal recovery ability, which has maximal
R(¢.). The chosen CT would be added to the original PN model when the iteration ends.
Then, a new RG is generated to identify the set of legal and deadlock markings in the new
iteration. This recovery policy keeps running until Mp = @.
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Choosing two CT from GCAM

G x| x| P|

r |

|MD| A }

Run comparing computation

t:(Ma;, Me,) t.(Ma,, Me,)
Ll
B @ Tre(te (Mai, Mt ))= 0 or 1
e T
i

\

Comparing computation

Figure 4. Overview of generating and comparing aiding matrix (GCAM) and comparing computation.

In Section 3.3, we propose two approaches to reduce computational redundancy,
which are also used to improve the original algorithm. Known as a PSPACE-complete
problem, solving the undesirable deadlock problem of FMS always costs a lot during
the computation procedure. Through experiments in our study, these approaches are
demonstrated to enhance efficiency and reduce operational costs significantly. To further
estimate its improvement, we introduce an efficiency evaluation method to qualify the
computational cost for judging the performance of the proposed control policy.

This paper adopts the GCAM-based deadlock recovery policy as the main analyzing
methodology. The effectiveness of comparing computation greatly depends on the size
of RG and GCAM, i.e,, the size of Mp and M|. According to computational complexity
theory, the computational complexity of one algorithm can be expressed by using big
O notation with input size n. However, these different variables, including R(N, M),
G(N, My), g|MD|x |My|x|P|s Mp and M}, could lead to difficulty in the measurement of
computational complexity. In addition, please note that not all CTs in GCAM would be
used during the comparing computation, i.e., the computational complexity of comparing
computation may randomly change according to whether the matched CT could be quickly
found or not. Therefore, we propose a method for precisely measuring the computational
complexity of the GCAM-based deadlock recovery strategy.
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Algorithm 1: Improved GCAM-based Recovery with High Comparing Efficiency

Input: A PN model of an FMS R(N, My) with system deadlocks.
Output: An optimal controlled FMS with CT.
1. Nllustrate the RG G(N, My) with all reachable markings.
2. Identify the set of legal markings M and the set of deadlock markings Mp.
3. Bulld GCAM Q‘MDMML‘XW.
4. Run comparing computation.
while (Mp # @) do
for (7. (My,, My) € Giptp) x| My | |p|) dO
R(2c(My,, Mg,)) < Vi, (2e(My, My))
for (£.(My,, Mfﬁ) € Q\MD\X\ML\X|P| ta #i)do
for (k € NH)‘) do
if (Z0(My,, Mg)(pr) # Z0(Ma,, Mg)(py)) then
B+ pB+1
k+1
else
x+—a+1
g1
end if
R(2e(My, Mg))) <= R(Ze(Mg,, My))) +7m,, (2e(Ma,, Mg,))
end for
end for
end for
Te =T Ut (My, Mf].) :max(R(Z,))
Add T, to the PN model.
Back to Step 1.
end while
5. Output completely recovered system R/(N/, M), where N/ = (P, TU T,,F, W, My).

Definition 9. (Expected value) Given a finite set of random variables X and each of them has
probability Py (x;) of occurring. The expected value of x; would be E(X) = EieNlﬂ x; X Pr(x;).

X
Definition 10. (Efficiency evaluation) Given an RG G(N, My) and its GCAM G| pq,) || M, |x|P|/
with the set of legal markings M and deadlock ones Mp. The efficiency of comparing computations
is defined as follows:

E(CQ) = (IMp|—1) x M| x (|IMp]| — 1)ZT€N‘+M ‘TPr(T) X ZaeNrp‘ ocP(c) (9)
L

where &£ denotes the total number of elementary steps to perform the time requirement

by the proposed algorithm, and C 4 represents the event of comparing computations. The

variable T denotes the maximum of g within comparing between 7.(M,,, Mf].) and other

CTs in the row <, of G, and ¢ denotes the maximum of k : 7,(M,, M,fj)(pk).

5. Experimental Results

In this section, we introduce two typical PN models of FMS to demonstrate the
proposed recovery policy.

Example 1. Considering the PN model of Figure 1 and its RG shown in Figure 2. There are,
in total, 20 reachable markings, including 15 legal markings, 3 quasi-deadlock markings, and
2 deadlock markings.

Given the PN model of FMS in Figure 1, there are some software tools for generating
the corresponding RG, e.g., INA [55] and PNTools [56] are used in this paper. The detailed
properties of the PN model can be presented via the incidence matrix, which is shown
in Equation (2). First of all, the model’s RG analysis is implemented, and 20 reachable
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markings are obtained, such that the entire RG and relationship between each marking
can be illustrated. In Figure 2, all markings belonging to RG are denoted as single nodes
and connected by directed arrows, representing the transition that transforms the system
from one marking into another. Then, the contents of the set of Mp, Mg, and M|
can be further identified where Mp = {M3, M4}, Mg = {My, Mg, Mg} and M| =
{Mo, Ml, Mz, M3, M5, Mé, M7, MlO/ M11, M12, M15, M16, M17, Mlg, M19}. ACCOI‘dingly, the
corresponding GCAM G of the first iteration can be built as a 2 x 15 x 11 matrix, which is
shown in Equation (9).

P1r P2 P3 P4 P5 Pe P7 P8 P9 PioPu

My (2 -1 -1 0 -1 0 0 1 1 1 17
M; 1 0O -1 0 -1 00 1 011
M, 2 -1 -10 0 OO0 O 110
M; 1 -1 0 0 -1 00 1 101
Ms 2 -1 -1 0 -1 10 0 1 01
Mg 0 0 0 0 -1 00 1 001
My 1 -1 -1 1 -1 00 1 1 10
Mz | My 2 -1 -1 0 0 1 0 -11 00
My 2 -1 -1 0 0 1 0 -1 10O
Mi» 0 0O -1 1 -1 00 1 010
M;is 2 -1 -10 0 01 -1 010
Mg o -1 01 -1 00 1 1 00
M7 2 -1 -1 0 -1 11 -1 0 0 1
Mg -1 0 0 1 -1 00 1 0O0O0
Mg 12 -1 -1 0 0 1 1 -2 0 0 0]

g2><15><11 = (10)

P1r P2 P3 P4 P5 Pe P7 P8 P9 Pio P11

My i -1 0 0 -1 -1 0 2 1 1 17
My 0 O 00 -1 -1 0 2 011
M, 1 -1 00 0 -1 0 1 110
M3 O -1 10 -1 -1 0 2 101
Ms 1 -1 00 -1 0 0 1 1 01
Mg -1 0 10 -1 -1 0 2 0 01
Mg | My o -1 01 -1 -1 0 2 110
Mo 1 -1 0 0 0 0O 0 0 1 00
My 1 -1 00 -1 =11 1 011
Mo -1 0 01 -1 -1 0 2 010
Mis 1 -1 00 0 -1 1 0 010
Mg -1 -111 -1 -1 0 2 1 0O
My 1 -1 00 -1 0 1 0 001
Mg -2 0 11 -1 -1 0 2 00O

| M1 L1 -1 0 0 O 0 1 -1 00 0] |

After the whole comparison computation, the optimal CT ¢, (M3, M3) = ¢ (M4, Ms5) =
1 -1 00 =1 0 0 1 1 0 1]canbe verified, implying that this CT can solve two
deadlock markings M3 and M4 in the first iteration. For easy understanding, ¢, (M3, M3) =
¢ .(Mi4, Ms) can be simplified as ¢,(Mi3, M3) = ¢,.(Miy, Ms) = p1 — p2 — 5 + ps +
po + p11. The input nodes of 7, are *Z, = {p», ps}, and the output nodes are ¢,° =
{pP1, ps, po, p11}. The property of CT for the PN model shown in Figure 1 is presented in
Table 2.
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Table 2. The property of each CT for PN model in Figure 5.

Te *Z, 7,° RE,) MyMyl2,)
. P2, Ps P1, P8, P9, P11 2 Mz, My

Then we add the subnet of 7, to the original PN model, which is shown in Figure 5. The
newly generated RG of Figure 5 is shown in Figure 6. The incidence matrix [N'] ITUT, | x|P|
consists of the original model, and the subnet of CT is presented as Equation (10) in

the following.
pr P2 P3s P+ P5 Ps P7 P8 P9 Pio P _
tq -1 1 0 0 0 0 0 0o -1 0 0
ty 0o -1 1 0 0 0 0 0 1 -1 0
t3 0 0o -1 1 0 0 0 0 0 1 -1
, Nt 1 0 0O -1 0 0 0 0 0 0 1
[N]TUTc|><|P_[NTj_t5 o 0 0 0 1 0 0 -1 0 0 -1 an
te 0 0 0 0o -1 1 0 0 0o -1 1
ty 0 0 0 0 0 -1 1 0o -1 1 0
tg 0 0 0 0 0 o -1 1 1 0 0
4, |1 -1 0 0 -1 0 0 1 1 0 1|
h Po
Pa() () O
t
()}91 D3 Pio D6 ng)
B3 ls
P11
ZONEROEN@'
Is

Figure 5. The controlled net of PN model of Figure 1.

In the RG of Figure 6, there is not any deadlock marking or illegal zone, and the solved
model is regarded as deadlock-free. Unlike other existing works, this transition-based
recovery policy can solve the deadlock problem and provide maximal liveness.

In this paper, we introduce some techniques to reduce the computational cost and
redundancy defined in Section 3.3. These techniques are also used to improve the existing
GCAM-based method [40]. In Section 4, we developed an efficiency evaluation approach for
comparing GCAM-based deadlock recovery policy computation. The evaluation approach
shows that the proposed control policy has the equivalent recovering ability and lower
computational cost. A comparison between GCAM-based deadlock recovery policies is
presented in Table 3.
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Figure 6. The RG of PN model shown in Figure 5.

Table 3. Efficiency evaluation of comparing computation of GCAM-based deadlock recovery policy.

Methods Te T UT.® R(Z,) ECCA)
Pan [40] 1 6 2 1320
Proposed 1 6 2 720

Example 2. Consider the PN model of Figure 7 with P = {p1 ~ p1o}and T = {t; ~ t14}.

Figure 7. A typical example of PN model of FMS.

Next, we consider another typical PN model of more complex FMS, shown in Figure 7.
Here is a summarized description of its structure: there are a total of 19 places and
14 transitions. Its incidence matrix can be presented as a 14 x 19 matrix, as Equation (12) in
the following. The initial marking is My = 6p1 + 6ps + p14 + p15 + p16 + p17 + p1s + p1o-
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N

\
_

SO DD DD OO PR OO OO oo

p2
1

-1

cocococococoocoooo |

pP3 P+ Ps Pe P7 P8 P9 P Pu1 P12 P13 P4 P15 Pie P17 P18 P19_
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0

1 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 1 0

0 1 0 0 0 0 0 0 0 0 0 -1 0 0 0 1 0

0o -1 1 0 0 0 0 0 0 0 0 1 0 0 0 -1 0
-1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 -1 0

0 0o -1 1 0 0 0 0 0 0 0 0 0 -1 0 1 0

0 0 0o -1 1 0 0 0 0 0 0 0 0 1 0 0 -1 (12)
0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 1

0 0 0 0 0o -1 1 0 0 0 0 0 0 0 0 0 -1
0 0 0 0 0 0o -1 1 0 0 0 0 0 0 -1 0 1

0 0 0 0 0 0 0o -1 1 0 0 0 0 0 1 -1 0

0 0 0 0 0 0 0 0o -1 1 0 0 -1 0 0 1 0

0 0 0 0 0 0 0 0 0o -1 1 0 1 0 0 -1 0

0 0 0 0 0 1 0 0 0 0 -1 0 0 0 0 1 0 |

After generating the corresponding RG of Figure 7, a total of 282 markings are obtained,
including 205 legal markings, 61 quasi-deadlock markings, and 16 deadlock markings. Then its
GCAM, a 16 x 205 x 19 matrix, can be further generated. Due to space limitations, the detailed
contents of all reachable markings and CT could not be listed here.

Via the first iteration of comparing computations, there are a total of five CTs with maxi-
mal R(Z.) obtained in this iteration. Each of them can recover eight deadlock markings, in-
cluding 7.(Mig7, My) = Z.(Migp, Mig) = Zo(Miza, Mas) = Z.(Mp11, Mys) = £.(Mazz, Msg) =
70 (Mag9, Mog) = Z.(Mas1, M1os) = 3ps — P9 — p1o — P11 + P17 + p18 + P19, Ze(Migz, M1g) =
7. (Migy, Mag) = Z.(Mi7g, My1) = Z.(Mp11, Me7) = Z.(Mnz, Mg1) = 7.(Magg, M12g) = 7.
(Mag1, M13a) = 2ps — p1o — p11 + P17 + P1s, Zo(Mioz, Mao) = Zo(Miea, Mag) = ¢ (Mi7s, Meo) =
Z¢(Mp11, Mos) = 7. (M7, Migg) = #¢(Magg, M1gg) = 7. (M1, M1e7) = 2ps — po — p11 + p1s +
P19, Zo(Mioz, Mes) = Z0(Miso, M119) = £ o(My74, M132) = Z.(Ma11, Mi76) = Z.(Mp7, M1g5) =
7o (Mag9, Maog) = Z.(Mag1, Maz2) = —p1+ p7 +3ps — po — p1o — P11 + p17 + p1s, and £, (M7,
Mips) = 2o (Mig2, Miso) = o (Miza, Mi91) = £ (Ma11, Mag) = 7o (Maa7, Mazs) = ¢ . (Maag, Mag2)
= ,(Mae1, Mags) = —p1 + p7 + 2ps — p9 — p11 + p1s- In the experiment of [40], there are a total of
40 CTs obtained in the first iteration, where those are just the repetition of these 5 CTs, i.e., the same
results are obtained by the proposed method. Then the next iteration will be run because some
deadlock markings are still not solved.

After adopting 7., = 3pg — p9 — p1o — P11 + P17 + p1g + p19 as the main CTs in the first
iteration, the second iteration begins with eight deadlock markings removed from Mp. In the
newly generated RG, there are eight deadlock markings left. Through comparing computations,
there are a total of five optimal CTs obtained. Each of them can solve five deadlock markings,
including 7. (Mgg, Mg) = ¢.(Mizy, Map) = Z.(Miog, Mes) = ¢o(Maos, Me5) = ¢ (Mase, Mi35) =
P1— Pa+2ps — po — pro + p1a + p17 + P19, Zo(Mso, Miz) = Z.(Mizo, Me1) = ¢.(Migg, Moa) =
o (Maos, Moyg) = 7. (Mase, M1sg) = p1 — P4+ Ps — P10 + P14 + P17, £ o (Mso, M3o) = - (M170, Mse)
= .(Miog, M121) = Z.(Mags, M123) = Z.(Mass, M193) = p1 — pa + ps — P9 + p14 + P19, Z(Mgo,
Mog1) = ¢.(Miz, Migz) = Zo(Miog, Mig9) = #o(Mags, Mago) = Zo(Masg, Masy) = —pa+ p7 +
2pg — p9 — p10 + p1a + p17, and Z.(Mgo, Mi50) = £ (Myyo, Ma21) = £.(Migg, May3) = Z.(Maos,
Moaq) = 7 .(Masg, Maz3) = —ps + p7 + Pg — P9 + p14- In the second iteration of [40], there are a total
of 25 CTs obtained. For the same reason mentioned above, it is actually the same experimental result
as the proposed one in this paper.

By generating a new RG in the third iteration, there are still three deadlock markings in Mp.
There are 81 CTs identified after comparing computation, where they all can solve these three deadlock
markings. The CT - (M154, Ml) =7, (Mzoz, M4) =7, (M257, M25) = 2p1 — P5 — Pe + Zpg — P9 —
P10 + P16 + P17 + P18 + P19 is chosen as the third CT in 7. The property of all CTs is shown in Table 4.
Then, the set of CTs 7, = {Z,, — £, } is added to the original PN model, where the new incidence
matrix [N'] |TUT, |x|p| is shown as Equation (13).
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Pr P2 P3 P4 P5 Pe P7 P8 P9 Pio Pu P12 P13 P4 P15 Pie P17 P18 P19_

12 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0

ty 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 1 0

t3 0 -1 0 1 0 0 0 0 0 0 0 0 0 -1 0 0 0 1 0

ty 0 0 0 -1 1 0 0 0 0 0 0 0 0 1 0 0 0 -1 0

ts 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 -1 0

te 0 0 0 0 -1 1 0 0 0 0 0 0 0 0 0 -1 0 1 0

ty 0 0 0 0 0 -1 1 0 0 0 0 0 0 0 0 1 0 0 -1

[N’] _ tg 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 1 (13)

tg 0 0 0 0 0 0 0 -1 1 0 0 0 0 0 0 0 0 0 -1

t10 0 0 0 0 0 0 0 0 -1 1 0 0 0 0 0 0 -1 0 1

t11 0 0 0 0 0 0 0 0 0o -1 1 0 0 0 0 0 1 -1 0

t1o 0 0 0 0 0 0 0 0 0 0 -1 1 0 0o -1 0 0 1 0

t13 0 0 0 0 0 0 0 0 0 0 o -1 1 0 1 0 o -1 0

t14 0 0 0 0 0 0 0 1 0 0 0 0O -1 0 0 0 0 1 0

7.1 0 0 0 0 0 0 0 3 -1 -1 -1 0 0 0 0 0 1 1 1

) 1 0 0 -1 0 0 0 2 -1 -1 0 0 0 1 0 0 1 0 1

7.3 2 0 0 0 -1 -1 0 2 -1 -1 0 0 0 0 0 1 1 1 1 |

Table 4. The property of each CT for PN model in Figure 7.

T0 .{0 2, ° RE,.) Md :M¢ [Z. >
te Po, P10, P11 3ps, P17, P18, P19 8 Moz, Mz, Aﬁ;’, %21717 Mazz, Maas,
te, P4, P9, P10 P1, 2ps, P14, P17, P19 5 Mgy, Mi70, M19g, Mags, Mase
(25 ps, Pé, Po, P10 2p1, 2ps, P16, P17, P18, P19 3 Mis4, Mog2, Mas7

According to the experimental results above, the proposed deadlock recovery method can
actually obtain the same results and achieve equivalent controlling ability. Table 5 compares the
proposed method and other existing deadlock recovery methods. There is no doubt that the proposed
one is an optimal deadlock recovery policy, which can solve all deadlock markings and keep all legal
markings reachable.

Table 5. Comparison with other research on deadlock recovery.

Methods Te T UT.® R(Z,) G’(N,M,)
Huang [34] 7 69 16 282
Row and Pan [38] 6 53 16 282
Row et al. [41] 5 36 16 282
Bashir et al. [37] 4 14 16 282
MNRDMP by Chen et al. [36] 3 25 16 282
MNRTP by Chen et al. [36] 3 27 16 282
Dong et al. [39] 3 25 16 282
Pan [40] 3 25 16 282
Proposed 3 25 16 282

As mentioned above, this paper aims to improve the existing GCAM-based deadlock recovery
policy [40]. To measure the improvement precisely, Section 4 gives an efficiency evaluation approach
for evaluating the computational performance of the GCAM-based methods. The comparison is
shown in Table 6, where it is evident that the computational efficiency of the proposed method
&(C4) is much lower than the existing one [40]. Here also gives the execution time of comparing
computation of experiments in Table 7, which are run on a computer with an Intel Core i5-3210M
CPU running at 2.50 GHz using 8 GB of RAM, running Windows 7 operating system. According to
Table 7, it is known that the proposed method can reduce the total execution time of the comparing
computation of Example 2 from 3.618 s to 0.234 s.
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Table 6. Comparing results of GCAM-based deadlock recovery policies.

Methods Te *T . UT.® REZ,) ECH
Pan [40] 3 25 16 9.03 x 107
Proposed 3 25 16 4.75 x 107

Table 7. Efficiency evaluation of comparing computation of GCAM-based deadlock recovery policy.

Methods 1st Iteration 2nd Iteration 3rd Iteration Total
Pan [40] 2917 0.655 0.046 3.618
Proposed 0.202 0.031 <0.001 0.234

6. Conclusions

In the deadlock domain, we all know that seeking optimal controllers for solving flexible
manufacturing systems (FMS) is a challenging issue. In particular, how to enhance the computational
efficiency seems even more difficult work. In this paper, we develop an optimal deadlock recovery
policy based on Pan [40] and further improve its computational efficiency by reducing redundancy.
We also introduce an approach to evaluate the operating efficiency. Through two typical examples
of the PN model of FMS, the evaluation results show that the proposed method provides higher
computational efficiency and the same recovering ability. The system deadlock problem is a PSPACE-
complete problem and always takes much higher computational consumption. In our future works,
we will consider another typical PN model of FMS [4], which has a more complex structure, or
other models.
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