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ABSTRACT To meet the customized requirements of customers is the core orientation to achieve the
transition from production-centered manufacturing to service-centered manufacturing. As an important
part of smart manufacturing systems in the production and operation level dominated by material flow,
flexible manufacturing systems (FMS) have to make several transitions such as incorporating several
manufacturing procedures, containing several manufacturing products, and meeting several manufacturing
requirements. As the existing research on FMS mainly focuses on fixed manufacturing techniques and
production procedures, it is imperative to propose an effective modeling and control approach. In this paper,
inspired by the idea of colored Petri nets, based on the manufacturing information of workpieces in the
system, we propose a customized supervisory control approach for FMS. Finally, the validity of our approach
is illustrated by an FMS satisfying customized requirements. The proposed approach makes control decisions
by dynamically updating the token information of the current state of the supervisor, and also by combining
the information of the binding queue and the customized information of workpieces, which does not increase

the scale of the supervisor.

INDEX TERMS Discrete-event systems, supervisory control theory, flexible manufacturing systems,

colored Petri nets, customization.

I. INTRODUCTION « When processing high-cost workpieces, the production

Flexible manufacturing systems (FMS) have the charac-
teristics of flexibility, dexterity, and collaboration, and are
an important part of the production and operation level of

intelligent manufacturing systems dominated by material .

flow [1]. Modern information technology has brought pro-
found changes to the production, management and market-
ing modes of FMS. Moreover, the production concept of
“customer driving demand, and service creating value” has
become increasingly prominent. The customized needs of
customers exhibit many forms, such as:

process of the workpiece needs to be determined accord-
ing to the number of reprocessing anticipated by each
customer [3].

In the process of personalized processing based on
customer’s requirements, it is necessary to select the
corresponding product filling formula and product com-
bination method according to the specified needs of
customers, and constantly adjust the processing process
dynamically [4].

To meet the above customized needs, FMS need to make the

o In the semiconductor manufacturing industry, which is
well-known for its precision, it is necessary to determine

following upgrades:

the number of polishing times for wafers according to « FMS should be compatible with the coexistence of mul-

the different processing accuracy requirements of cus-
tomers [2].

The associate editor coordinating the review of this manuscript and
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tiple processing procedures. The production of a certain
product often requires multiple components to work
together [5]. In FMS, the number of these components
is relatively fixed, but the customization of processing
procedures will cause multiple processing procedures
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to coexist in the system. It is necessary to study how
to ensure the correct operation of multiple processing
procedures simultaneously. Besides, it should be able to
respond to the dynamic changes of customer’s needs.

« FMS should have the ability to accommodate a variety of
products simultaneously. Due to the customized require-
ments of customers, the types of products produced by
FMS will be more abundant. For example, customers
have different requirements on the processing accuracy
of products, inducing that the numbers of processing
times of different products are also different [6]. There-
fore, there exist some differences in the processing flow
of the same type of products, and it is necessary to
study how to accommodate the processing of multiple
products simultaneously.

o FMS should meet a variety of processing needs. In the
past, the processing requirements mainly considered
the causal logic involving the sequence [7]. However,
in order to make the operation of the FMS more reason-
able and more efficient, the temporal logic should also be
considered, such as how to ensure that multiple products
have equal processing opportunities [8], [9], [10], [11].

For the modeling and control method of FMS, the existing

research work mainly includes the following two aspects:
(1) Real-time scheduling problem of FMS
Qiao et al. employed Petri nets as the modeling tools, and
took robotic cluster tools as the main research object. They
studied the scheduling problem of wafer manufacturing, and
analyzed the main performance parameters of wafer dwell
delay and robot waiting time [12], [13]. The revisiting prob-
lem in the wafer manufacturing process has also been widely
studied. Wu et al. proposed a series of analysis methods for
the revisiting problem based on Petri nets constrained by the
limited residence time and fluctuating activity time [14], [15].
Jia et al. conducted a real-time analysis on the assembly sys-
tem fulfilling small batch customized production tasks [16].
Kimble et al. proposed a benchmark protocol for evaluating
small parts robotic assembly systems [17]. Li et al. proposed
a scheduling scheme to realize customized production based
on the bat algorithm [18]. Wang et al. studied the FMS
scheduling problem subject to no-wait constraints via Petri
nets and heuristic search [19].

(2) Supervisory control problem of FMS

A comprehensive literature review for the deadlock control
of automated manufacturing systems based on Petri nets
refers to reference [20]. Additionally, Chen et al. studied the
optimal deadlock control strategy of FMS and its application
problem based on Petri nets [21], [22], [23]. Yue et al. studied
the resource fault and buffer space allocation control problem
of automatic manufacturing systems [24]. Liu et al. proposed
the design method of optimal Petri net controller for FMS
containing key resources [25]. Huang et al. proposed crucial
marking/transition-separation instances (MTSIs) allowing
designers to employ much fewer MTSIs to deal with dead-
locks for FMS [26]. Li et al. proposed a deadlock prevention
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approach based on structure reuse of Petri nets for FMS [27].
Hu et al. proposed a deadlock-free control policy of FMS
with flexible routes and assembly operations using Petri
nets [28]. Liu et al. proposed a live Petri net controller synthe-
sis approach based on a controllable siphon basis to achieve
deadlock prevention for FMS [29]. Luo et al. proposed a
Petri nets-based deadlock avoidance policy for FMS with
assembly operations and multiple resource acquisition [30].
Liu et al. proposed a deadlock controller synthesis approach
for FMS based on the max-controllability of siphons [31].
Duan et al. proposed a deadlock prevention policy for FMS
modeled by Petri nets using structural analysis [32]. Du et al.
proposed a control policy for the robust deadlock avoid-
ance and control of FMS [33]. Luo et al. proposed a robust
deadlock avoidance policy for FMS with multiple unreliable
resources [34]. Bashir et al. proposed an optimal supervisory
control approach for FMS with zero restrictions of system
operations [35]. Lu et al. proposed an efficient method of
deadlock detection and recovery for FMS by resource flow
graphs [36]. Fan et al. proposed event circuit structures for
deadlock avoidance in FMS [37]. Overall, the FMS targeted
by these studies mainly produce the same type of products,
so they are less concerned with how to meet the customized
needs.

As flexible manufacturing evolves towards customer-
driven demands, how to meet customized demands has gradu-
ally attracted extensive attention in the academic community.

In order to meet the customized requirements of distin-
guishing the number of reprocessing of each workpiece, Cury
et al. employed finite state automata (FSA) as the modeling
tool, and proposed the concept of distinguisher to identify
the number of substandard products [3]. The distinguisher
identifies some vital events (such as the events correspond-
ing to buffer overflow and underflow) individually, and then
directly establishes the FSA model of the specification based
on these identified events. Although this method can greatly
simplify the modeling of the specification, the complexity
of modeling is transferred to the modeling of the plant.
Therefore, the overall complexity of the resulting control
scheme is not reduced. In order to reduce the complexity of
the modeling, Cury et al. proposed a model approximation
method, which reduces the number of vital events being
identified and makes the information contained in the plant
to be controlled more general. Although this method can
reduce the state numbers of the plant and the controller to a
certain extent, the solution obtained by this method may not
be optimal (i.e., supremal in the context of the supervisory
control theory) [38], [39], [40], [41]. Teixeira et al. applied the
distinguisher to the local modular control of discrete-event
systems (DES), which uses the idea of decentralization and
modularization to make the structure of the controller more
concise and more transparent [42]. Mahdavinezhad et al.
proposed a method to use causal output maps to extract part
of the information in the supervisor to distinguish events
with the same name. The results are applied to those hybrid
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systems which can be approximated as DES [43]. Ushio et al.
studied the supervisory control problem of DES using Mealy
automata with uncertain output function [44]. Yin proposed a
model transformation method based on the output function
of Mealy automata [45]. However, these methods are still
mainly aimed at the processing of the same type of products,
and the modeling process is still complicated.

It can be seen from the above analyses that the key to real-
izing the customized supervision and control of the FMS lies
in the need to dynamically record and update the workpiece
information in the system, in which the customized require-
ments are contained. In colored Petri nets, the update of
information in the system is achieved by employing the vari-
able expressions in high-level programming languages [46].
Inspired by the method of updating the token information of
the controller’s current state in the colored Petri nets, this
paper introduces the token set in each state of the supervisor
to record the workpiece being processed in this state. Then,
the supervisor makes control decisions according to both
the supervisory control strategy and the token set, thereby
realizing the customized supervisory control.

The rest of this paper is organized as follows. Section II
introduces the relevant basic knowledge of the supervisory
control theory for DES. Section III elaborates the formal
description and implementation process of the customized
supervisory control. Section IV presents an example to
demonstrate the validity of the proposed approach. Section V
presents our conclusions.

Il. PRELIMINARIES

A. DISCRETE-EVENT SYSTEMS

The formal structure of a DES to be controlled is a determin-
istic finite state automaton, say

G = (Q7 21 83 q0, Qm)

Here, X is a collection of symbols representing asynchronous
events, Q is the state set, 6 : Q x ¥ — Q is the (partial)
transition function, qq is the initial state, and Q,, C Q is the
subset of marked states. For brevity, transition 8(g, 0) = ¢
is often denoted as ¢ — ¢.

Usually, ¥ is divided into two parts: the subset of con-
trollable events X. and the subset of uncontrollable events
¥, with ¥ = 2£.UX,, where symbol U represents a disjoint
union of sets.

For any language L C X*, the prefix closure consisting of
the prefixes of all strings in L is written as

L={te>*tu=s,uex* sel).
The closed behavior of plant G is defined as
L(G) = {s € "[3(q0, )1},

where the notation 6(qo, s)! means that 5(qo, $) is defined.
The marked behavior of plant G is defined as

Ln(G) = {s € £*[8(qo. 5) € Om}-
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The inclusive relation between the closed behavior and the
marker behavior of Gis ¥ C L,,(G) € L(G).
DES G is nonblocking if and only if L,,(G) = L(G).

B. SUPERVISORY CONTROL THEORY

Supervisory control theory (SCT) deals with the control of
DES [7], [8]. For DES G = (Q, %, §, q0, Om), the supervisor
can only disable the controllable events in X, and the uncon-
trollable events are enabled by default. Each subset of events
to be enabled (adjoining all the uncontrollable events) is a
control pattern, and the set of all control patterns is denoted
by I' = {y € Pwr(®¥)|y 2 Z,}, where Pwr(-) represents a
power set [7].

Use the mapping V : L(G) — T to describe the super-
visory control of G, and denote the supervisory control rela-
tionship (G, V) between G and V as V /G, meaning that “G
is under the supervision of V.

The closed behavior L(V/G) < L(G) of the language
generated by G under the supervision of V satisfies
(1) Empty string € € L(V /G);
2)Ifs e L(V/G),o € V(s) and so € L(G), then
so € L(V/G);

(3) All other strings do not belong to L(V /G).

The marked behavior of the language generated by G under
the supervision of V is L,,(V /G) = L(V /G) N L,,(G).

The empty set satisfies 4 < L,(V/G) < L,(G).
IfL,,(V/G) = L(V/G), then V is said to be nonblocking with
respect to G [7].

Language K € X* is controllable with respect to G if and
only if

(Vs,0)s€eK &o € X, &so € L(G)= so €K.

For a given specification E C X*, the set of all sublan-
guages of E controllable with respect to G can be expressed
as

C(E) = {K C E|K is controllable with respect to G}.

Since each element in C(E) is closed under union and
empty set ¢ belongs to C(E), there exists a supremal element
in C(E), denoted as Kg,p = sup C(E). Kgyp can be computed
by procedure supcon' in TCT?, and the result is the supervi-
sor [7].

Let supervisor S := (Qs, X, 8s, qos, Oms) represent the
supremal controllable sublanguage Kjup. For a given string
s € Kgup, let g := 8s(qos, s) denote the current state of
supervisor S under the occurrence of string s. Define the set of
events enabled at current state g by map € : Qs — Pwr(X)
with

&(q) :={o € Z|ds(q, 0)!}.

IDES3 = supcon(DES1, DES2) is a trim automaton for the supremal
controllable sublanguage of the marked legal language generated by DES2
with respect to the plant DES1 [7].

2TCT is a software package for the synthesis of supervisory
controls for DES, which can be freely downloaded from
https://www.control.utoronto.ca/cgi-bin/dlxptct.cgi
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IIl. CUSTOMIZED SUPERVISORY CONTROL

Assume that the plant and the specification of the DES to be
controlled are represented by symbols G and E respectively.
When the customization is not considered, the corresponding
supervisor can be computed by procedure supcon as follows:

S := supcon(G, E).

In order to realize the customized production of work-
pieces, we assume that each component in the system iden-
tifies the identity information of each workpiece W; through
radio frequency identification technology (RFID), denoted as
ID(@). Correspondingly, in each state g of supervisor S, token
set T'(g) records the workpiece identity information in this
state.

Divide the events in workpiece W; into three categories:
Eli.“ is the set of events representing workpiece W; entering
the system, E;’“‘ is the set of events representing workpiece
W; leaving the system, and ¥ represents other events in
workpiece W;.

Assume that transition ¢ SN ¢’ occurs in the supervisor
to process workpiece W;. Then the token sets of states ¢ and
¢’ are updated according to the following rules:

() If o € X, then

T(q) =T(g) \ {IDG)},
T(q) =T(¢) U {ID®)}.

(2)Ifo € =i, then

T(q) =T(q),
T(q) =T(q') U {IDG)}.
(3)If o € T, then

T(q) = T(g) \ {ID@)},
T(q)=T(q).

If the closed behavior and the marked behavior of work-
piece W; satisfy conditions

L(W;) € L(S),
Lm(Wi) - Lm(S)»

we say that the customized requirements of workpiece W;
match supervisor S.

Remark 1: If the customized requirements of workpiece
W; do not match supervisor S, to ensure nonblockingness,
we have to modify W; until its customized requirements match
supervisor S.

On the premise that the workpieces’ customized require-
ments match supervisor S, the customized supervisory con-
trol architecture is shown in Fig. 1, where it is assumed that
there are n workpieces to be processed in the current system.
Compared with the Ramadge-Wonham’s supervisory control
architecture, the customized supervisory control architecture
proposed in this paper adds automata W;,i € {1,---,n}
describing the customized requirements and queue Q man-
aging the sequence of events.
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FIGURE 1. Schematic of the architecture of customized supervisory
control.

The implementation process of the customized supervisory
control is as follows.

When workpiece W; is going to enable a controllable event
o, binding (ID(i), o.) is generated. If the binding already
exists in queue Q, this binding is ignored; otherwise, binding
(ID(i), o) is added to the end of queue Q.

In the current state of the supervisor, the events to be
enabled are divided into two cases:

(1) The enabled controllable event o, is taken from the
head binding (ID(i), o.) of queue Q, and requires that the
workpiece identity information ID(i) of this bingding should
belong to the token set of the current state of the supervisor.
After event o, occurs, the current state of workpiece W;, the
current states of supervisor S, and the current state of plant G
are updated. In addition, the relevant token sets are updated
according to the rules described above.

(2) The uncontrollable event o, is enabled according to the
actual processing flow of the component. The current state of
the workpiece, the supervisor and the plant corresponding to
uncontrollable event o, are updated accordingly. In addition,
the relevant token sets are updated according to the rules
described above.

After the current state of the supervisor is updated by the
occurrence of an event, the events in this new current state are
enabled according to the above rules, thereby propelling the
continuous operation of the controlled system.

Theorem 1: If the customized requirements of each work-
piece W; match the supervisor S, then the resultant controlled
behavior is nonblocking.

Proof: To prove the nonblocking behavior of the con-
trolled system, we only need to prove that the controlled
behavior is nonblocking after introducing the closed behavior
L(W;), the marked behavior L,,(W;), and queue Q.

In the current state g of supervisor S, there are two types
of events that can occur. For controllable event o, it needs to
satisfy o, € £(q) and o, is taken from the head element of
queue Q. For uncontrollable event o, 0, € £(g) needs to be
satisfied.

As L, (S) is controllable with respect to G and L, (S)
is L,,(G)-closed, i.e., L,(S) = L(S) N L,(G), under the
action of the control patterns corresponding to supervisor
S, the controlled behavior of the system is nonblocking
by Theorem 3.3 in [7]. From the above analysis, it can be
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FIGURE 2. Schematic of FMS with workpiece reprocessing.

seen that by introducing workpieces’ closed behavior L(W;),
marked behavior L,,(W;), and queue Q, the set of events
enabled at the current state of supervisor S is a subset of a
given control pattern. Hence, the resultant controlled behav-
ior is also nonblocking. [ |

Theorem 1 ensures that the proposed customized
supervisory control architecture can realize the nonblocking
operation of the controlled system. The basic idea involved
in Theorem 1 is similar to the idea of model abstraction
and refinement in model checking. Namely, if the original
system meets the requirements, the new system obtained
by refining the original system still meets the established
requirements [47].

IV. EXAMPLE OF AN FMS WITH WORKPIECE
REPROCESSING
This paper takes the FMS with workpiece reprocessing shown
in Fig. 2 as an example to demonstrate the specific implemen-
tation process of the customized supervision and control. The
FMS includes a processing unit M, a buffer B and a detection
unit D. The processing unit M takes workpieces from the
outside of the system. The workpiece is processed (repre-
sented by event 11), and placed in buffer B after processing
(represented by event 12). The detection unit D is responsible
for reprocessing and detection, and it has two working modes.
Mode 1 takes the workpiece from buffer B (represented by
event 21). If the reprocessing meets the requirements, the
workpiece will be output to the system (represented by event
24). Otherwise, the workpiece will be put back into buffer B
(represented by event 22). In Mode 2, the workpiece taken
from buffer B (represented by event 31) will not be returned
to the system after reprocessing, and the workpiece will be
output from the system if it passes the inspection (represented
by event 34); otherwise, the workpiece is discarded (repre-
sented by event 32). Assume that the buffer capacity is 2, and
the specification that needs to be satisfied is to prevent buffer
B from overflow and underflow. The detailed state transition
diagram of each component in the system is shown in Fig. 2.
The FMS in this example needs to meet the customized
requirements about the maximum number of reprocessing of
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FIGURE 4. State transition diagrams of workpieces W, and W,.

each workpiece specified by the user. Without loss of gener-
ality, we assume that the user needs to process 2 workpieces,
and the number of reprocessing of each workpiece is required
not to exceed 2 times.

According to the execution process of the customized
supervisory control presented in Section III, the supervisor
without customization is computed first, and its state transi-
tion diagram is shown in Fig. 3.

The behaviors of the workpieces that meet the customized
requirements are shown in Fig. 4. Each state transition dia-
gram describes three situations: the workpiece meets the
requirements after processing once, meets the requirements
after processing twice, and still fails to meet the requirements
after processing twice. As L(W;) € L(S), L,,(W;) € L, (S),
the customized requirements of workpieces W1 and W» match
the supervisor.

Assume that the current states of the supervisor S, work-
pieces Wi and W, are represented by gs, qw,, qw,, respec-
tively. If workpiece W is going to enable event 11, binding
(ID(Wy), 11) will enter queue Q. After event 11 is enabled,
the current states of supervisor S, workpieces W and W, are
updated to gs = 1,g9w, = 1,qw, = 0, respectively, and
the token set corresponding to gs is 7(1) = {ID(Wp)}.
Then, supervisor S waits for uncontrollable event 12 to occur.
After event 12 is enabled, the current states of supervisor
S, workpieces Wi and W, are updated to gs = 2, qw, =
2, qw, = 0, respectively, and the token set corresponding to
gs is T(2) = {ID(Wy)}.

Similarly, assume that workpiece W, enters the system
and is processed by processing unit M. Then the current
states of supervisor S, workpieces Wi and W, are updated
to gs = 6, gqw, = 2, qw, = 2, respectively, and the token set
corresponding to gs is 7(6) = {ID(Wy), ID(W>)}.

If workpiece W; is returned to buffer B by detection
unit D, then the current states of supervisor S, workpieces
Wi and W, are updated to g5 = 6,qw, = 4,qw, = 2,

40529



IEEE Access

T. Jiao, H. Shi: Customized Supervisory Control Approach for Flexible Manufacturing Systems

respectively, and the token set corresponding to gg is 7(6) =
{ID(W1), ID(W2)}.

Subsequently, if workpiece W is returned to buffer B by
detection unit D again, the current states of supervisor S,
workpieces Wi and W, are updated to g5 = 6,qw, =
6, qw, = 2, respectively, and the corresponding token set is
T(6) = {ID(Wy), ID(W>)}.

To this end, workpiece W can no longer enable event 21,
because in the current state of workpiece Wi, only binding
(ID(W1), 31) can be generated to ensure the user’s customized
requirement that workpiece W can be reprocessed at most
2 times.

The aforementioned customized supervisory control
approach is suitable for the situation that more workpieces
enter and leave the system, or other customized workpiece
behaviors satisfy the customized requirements of workpiece
W; and supervisor S.

Compared with the approaches in the literature, the cus-
tomized supervisory control approach proposed in this paper
does not need to expand the scale of the supervisor. The events
in each workpiece are enabled by dynamically updating the
token information of the current state of the supervisor, the
binding queue information and the customized processing
information of the workpiece.

V. CONCLUSION

This paper proposes a customized supervisory control
approach for FMS. In this approach, the customized require-
ments of workpiece processing are modeled by deterministic
finite state automata. During the operation of the system,
the proposed customized supervisory control approach makes
control decisions by retrieving the binding information of
the controllable events to be enabled from the queue, and
by combining the current state of the supervisor with the
controllable event binding information.

In future research, the approach proposed in this paper
is to be extended to DES modeled by extended finite
state automata [48], state tree structures [49] and relabeled
DES [50] to realize corresponding customized supervisory
control.
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