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Abstract: The current trend in the wafer production industry is to expand the production chain with
more production stations, more buffers, and robots. The goal of the present paper is to develop a
distributed control architecture to face this challenge by controlling wafer industrial units in a general
production chain, with a parametric number of production stations, one robot per two stations where
each robot serves its two adjacent production stations, and one additional robot serving a parametric
number of stations. The control architecture is analyzed for individual control units, one per robot,
monitoring appropriate event signals from the control units of the adjacent robots. Each control unit
is further analyzed to individual supervisors. In the present paper, a modular parametric discrete
event model with respect to the number of production stations, the number of buffers, and the
number of robotic manipulators is developed. A set of specifications for the total system is proposed
in the form of rules. The specifications are translated and decomposed to a set of local regular
languages for each robotic manipulator. The distributed supervisory control architecture is developed
based on the local regular languages, where a set of local supervisors are designed for each robotic
manipulator. The desired performance of the total manufacturing system, the realizability, and the
nonblocking property of the proposed architecture is guaranteed. Finally, implementation issues are
tackled, and the complexity of the distributed architecture is determined in a parametric formula.
Overall, the contribution of the present paper is the development of a parametric model of the
wafer manufacturing systems and the development of a parametric distributed supervisory control
architecture. The present results provide a ready-to-hand solution for the continuously expanding
wafer production industry.

Keywords: discrete event systems; distributed supervisory control; semiconductor industry

1. Introduction

One of the main goals of Industry 4.0 is to improve existing systems and processes via
the automatization of manufacturing processes and the interoperability of corresponding
applications using cyber-physical systems and the Internet of Things (IoT). The adaptation
of these tools in many systems’ processes, including installed robotic manipulators, and
the direction for more flexible and easily expandable manufacturing systems increase the
need for smarter and more efficient control systems. One of the manufacturing sectors into
which these tools are introduced at many different stages of the manufacturing process is
the semiconductor manufacturing industry [1].

In semiconductor industry, wafer processing units have an important role. The wafer
processing unit (see [2–9]) is a manufacturing unit consisting of a set of integrated produc-
tion stations (process chambers), a set of one-slot buffers, one loading dock (input) of the
raw products, one loading dock (output) of the manufactured products, and a set of robotic
manipulators that transfer the products between the stations, the buffers, and the input and
output docks. For every production station, there is one robotic manipulator dedicated to
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serve the production station. The production station and the robotic manipulator constitute
an individual manufacturing unit, called a cluster tool. The first studies of wafer manufac-
turing units (see [2–7]) have been limited to single cluster tool systems up to four cluster
tools systems. The systems that have more than one cluster tool are called multicluster
tool systems. The current trend in the wafer industry is to increase the number of cluster
tools participating in the process (see [8,9]), or/and to increase the number of production
stations in each cluster tool (see [10,11]).

For the case of multicluster tool systems, with a parametric number of production
stations in each cluster, the number of studies towards synchronization of the cluster tool
and scheduling analysis of the manufacturing unit is increasing (indicatively, see [10–14]).
The goal of these studies is to increase the production speed and optimize the job scheduling
of the manufacturing unit. According to [10], multicluster tool systems can be viewed
either from the point of view of the robots or from the point of view of the wafer product
flow. In the first case, the production times are considered to be neglectable. Therefore, the
study is focused on the supervision of the pick-and-place tasks of the robotic manipulators.
In the second case, the processing time is considered to be non-neglectable, while the
pick-and-place times are considered to be neglectable. Therefore, the study focuses on the
flow of wafers and the processing timing of the wafers in the production sections. In the
present paper, the study focuses on the supervision of the robotic manipulators, and the
production time is considered to be zero.

The architecture of a cluster tool in the semiconductor industry has been presented
in [2], where linear wafer processing has been introduced. In [2], the system’s analysis
focuses on the time needed for the manufacturing of the wafers to be completed. In [3,4],
a wafer processing unit, consisting of nine production stations, three buffers, and four
robotic manipulators, is studied. In [3], the wafer processing units are modelled using
finite deterministic automata. The automaton of the stations and the buffers has a deadlock.
In [3], a set of local supervisors is proposed to avoid the deadlock and coordinate the
transfer of the wafers from one production unit to another. In [4], the models developed
in [3] have been used and a set of supervisors is proposed to avoid deadlock and coordinate
the overall manufacturing unit. In [5,6], a wafer manufacturing unit with two production
stations, one buffer, and two robotic manipulators is studied. Furthermore, a set of local
supervisors is proposed for the coordination of the unit. In [7], an extended version of the
wafer manufacturing unit, consisting of eleven production stations, four buffers, and five
robotic manipulators, is studied. In [7], the models of the stations and the buffers are not
used and the supervisor design is based on the models of the robotic manipulators. The
models of the manipulators can be viewed as controlled versions of the models in [3,4].
In [7], about 70 local supervisors are derived to prevent overflow of the stations and buffers
as well as unnecessary use of manipulators. In [8,9], a wafer production line, with a
parametric number of robots, is studied. Each robot serves two production stations, except
for the last robot, which serves three production stations. The design specifications in [8,9]
guarantee nonblocking through a distributed supervisory control scheme including a set of
four two-state supervisors for each robotic manipulator and a global supervisor counting
the wafers. In [8,9], the design of supervisors is based on abstractions of the automata
models of the process in [3]. Both works focus on the time needed for the completion of
manufacturing.

In the present paper, a modular discrete event model of a wafer manufacturing unit,
being parametric with respect to the number of production stations, the number of buffers,
and the number of robotic manipulators, is developed using discrete event systems (DES)
and especially the Ramadge–Wonham (RW) framework (see [15,16]). The configuration of
the present wafer manufacturing unit consists of a chain of a parametric number of robots,
where each robot serves two production stations, and two buffers. The last manipulator
serves another parametric number of production stations. The model covers the models
in [8,9] as special cases. This general model is the first contribution of the paper. The desired
specification is expressed in the form of five rules. The specifications are translated and
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decomposed to appropriate sets of local regular languages, one per robotic manipulator. A
set of parametric supervisors in the form of finite deterministic automata and in the RW
framework is developed. Furthermore, a distributed supervisory control architecture is
developed. For distributed supervisory control and its properties, see [15]. The architecture
consists of appropriate control units, one per robotic manipulator, monitoring appropriate
event signals of the adjacent control units. The development of the present distributed
supervisory control, with parametric supervisors, is the second contribution of the paper.
The desired performance of the controlled total manufacturing system, the realizability of
the control structure (for the notion of realizability see [17]), and the nonblocking property
(see [15]) of the proposed architecture are guaranteed. Finally, implementation issues are
tackled, and the complexity of the distributed architecture is determined in a parametric
formula. The final contribution of the paper is the development of a clear and sufficient
method to face possible extensions of the number of production stations and robotic
manipulators in the wafer industry. The motivations of the present research were (a) the
introduction of a generic modelling for wafer manufacturing in the semiconductor industry,
and (b) the cover of the current industrial trends by the extension of the number of the
production stations and the number of the serving robotic manipulators. An additional
significant motivation was to provide a generic distributed supervisory control architecture,
with respect to the system’s devices, that will be able to adopt a system’s specifications to
any possible extensions of the system.

This study is structured as follows: In Section 2, the DES models of the components
of the parametric wafer manufacturing system are presented. In Section 3, the desired
behavior of the manufacturing process is expressed in the form of a set of desired regular
languages. In Section 4, the distributed supervisory control architecture is analyzed. In
Section 5, the supervisor automata realizing the desired regular languages are presented.
In Section 6, the required system properties of the controlled automaton of the wafer
manufacturing system are investigated. In Section 7, simulation results of the controlled
automaton regarding a practical sequence of operating commands are presented. In
Section 8, the total complexity of the proposed distributed supervisory scheme is calculated.
Finally, in Section 9, implementation aspects of the proposed scheme are presented, and
the implementation of the proposed supervisors in the ladder diagram (LD) framework are
developed.

2. Modelling of the Manufacturing Process
2.1. Parametric Notation and Configuration of the Process

As already mentioned, the wafer manufacturing system consists of production stations,
buffers, two loading docks (one for the raw product and one for the manufactured products),
and a set of robotic manipulators dedicated to the product transfer between the stations
and the two docks. Here, the process is considered in parametric form. The number of
robotic manipulators is equal to n + 1, where n ∈ Z+ and Z+ comprise the set of positive
integers. Each robotic manipulator is indexed by the integer i, where

i ∈ {1, . . . , n + 1} (1a)

The i-th robotic manipulator is denoted by Ri. It is important to mention that if
i ∈ {1, . . . , n}, then every Ri serves two production stations, configured as a couple in the
production line, while if i = n + 1, then Ri serves a parametric number of m ∈ Z+ pro-
duction stations. The total number of production stations is equal to 2n + m. Furthermore,
each production station is indexed by the integers i and j, where

j ∈ J(i); J(i) =
{

{1, 2}, if i ∈ {1, . . . , n}
{1, 2, . . . , m}, if i = n + 1

(1b)

According to (1b), the set J(i), namely the range of j, depends upon i. The index i is
the index of the robot manipulator serving the (i, j) station. The index j is the index of the
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production station served by the i-th robot. So, each production station is denoted by Ci,j.
The number of buffers is equal to n. Each buffer is indexed by the integer ν, where

ν ∈ {1, . . . , n} (1c)

The symbol Bν represents the ν-th buffer. The first loading dock is the input dock of
the process and is represented by Lin. The second loading dock is the output dock of the
process and is represented by Lout.

To illustrate the above integer definitions, an example is presented. Let n = 3
and m = 3. Therefore it holds that J(1) = {1, 2}, J(2) = {1, 2}, J(3) = {1, 2}, and
J(4) = {1, 2, 3}. Thus, there are four robotic manipulators, denoted by R1, R2, R3, and R4,
and three buffers, denoted by B1, B2, and B3. The number of production stations is equal to
nine, and they are denoted by C1,1, C1,2, C2,1, C2,2, C3,1, C3,2, C4,1, C4,2, and C4,3.

In Figure 1, a simplified drawing of the configuration of the components of the wafer
production process is presented. The configuration of the array of the production stations as
well as the array of the robotic manipulators and the array of the buffers allows appropriate
transfer of products. In particular, this process enables the following:

(i) R1 to transfer products from Lin to C1,1, from C1,1 and C1,2 to B1, and from C1,2 to Lout,
(ii) Ri, where i ∈ {2, . . . , n}, to transfer products from Ci,1 and Ci,2 to Bi and Bi−1, and

vice versa, i.e., from Bi and Bi−1 to Ci,1 and Ci,2,
(iii) Rn+1 to transfer products from Cn+1,1, . . . ,Cn+1,m to Bn and vice versa.
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Figure 1. Drawing of the configuration of the wafer manufacturing system.

In the following subsections, the physical entities Ri, Ci,j, Bν, Lin, and Lout, composing
the production unit, will be modelled by mathematical entities in DES forms. In particular,
the DES model of Ri is denoted by iGR, the DES model of Ci,j is denoted by i,jG, the DES
model of Bν is denoted by iG, the DES model of Lin is denoted by GI , and the DES model
of Lout is denoted by GO.

2.2. The Models of the Production Stations

The model of the production station Ci,j is described by the 6-tuple

i,jG = (i,jQ, i,jE, i,j f , i,jH, i,jx0, i,jQm) (2)

For the description of finite deterministic automata in the form of a 6-tuple, see [17–21].
The set of the states of the automaton is

i,jQ = {i,jq1, i,jq2, i,jq3, i,jq4} (3)

The state i,jq1 describes the case where there is no product at Ci,j and the station is in
idle mode (standby). The state i,jq2 describes the case where there is a product at the station,
dropped by Ri. The state i,jq3 describes the case where the processing of the product at the
station has been completed and the processed product has not yet been picked up by Ri.
The state i,jq4 describes two malfunction cases. The first is the case where Ri tried to pick a
product when there was no processed product at the station. The second is the case where
Ri dropped a product to the station when there was a product at the station. Clearly, i,jq4
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describes a functional faulty situation. The initial state is i,jx0 = i,jq1. The set of the marked
states of the automaton is i,jQm = {i,jq1, i,jq2, i,jq3}.

The alphabet of the automaton is

i,jE = {i,jeP, i,jeD, i,jeu} (4)

The event i,jeP is the command to Ri to pick a product from the station. The event
i,jeD is the command to Ri to drop a product at the station. The event i,jeu takes place
when the processing of the product has been completed. The set of the controllable events
of the automaton is i,jEc = {i,jeD, i,jeP}. Hence, the set of the uncontrollable events is
i,jEuc = {i,jeu}.

The values of the transition function of the automaton are:

i,j f (i,jq1, i,jeD) =
i,jq2, i,j f (i,jq2, i,jeu) = i,jq3, i,j f (i,jq3, i,jeP) =

i,jq1,
i,j f (i,jq1, i,jeP) =

i,jq4, i,j f (i,jq2, i,jeD) =
i,jq4, i,j f (i,jq2, i,jeP) =

i,jq4,
i,j f (i,jq3, i,jeD) =

i,jq4.

The active event sets of the automaton are:

i,jH(i,jq1) = {i,jeD, i,jeP}, i,jH(i,jq2) = {i,jeD, i,jeP, i,jeu}, i,jH(i,jq3) = {i,jeD, i,jeP}, i,jH(i,jq4) = ∅

The closed behavior of the automaton is

L(i,jG) = (i,jeD
i,jeui,jeP)

∗(i,jeP + i,jeD(i,jeD + i,jeP + i,jeui,jeD)
)

(5)

and the marked behavior of the automaton is

Lm(
i,jG) = (i,jeD

i,jeui,jeP)
∗ (6)

where the symbol “∗” denotes the Kleene star of a language. Regarding the Kleene star,
see [7,16]. Regarding the definition and properties L(·) and Lm(·), namely the closed and
the marked behavior of the argument automaton, see [7]. The automaton i,jG in (2) is a
blocking automaton, as L(i,jG) 6= Lm(i,jG).

In Figure 2, the state diagram of i,jG is presented. The state diagram of i,jG is the same
as the state diagram of the model of the production station proposed in [4].
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Figure 2. State diagram of the model of Ci,j.

2.3. The Models of the Buffers

The model of Bν is described by the 6-tuple

νG = (νQ, νE, ν f , νH, νx0, νQm) (7)

The set of the states of the automaton is

νQ = {νq1, νq2, νq3, νq4} (8)
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The state νq1 describes the case where the buffer is empty. The state νq2 describes the
case where there is a product at the buffer, dropped by Rν. The state νq3 describes the case
where there is a product at the buffer, dropped by Rν+1. The state νq4 describes two faulty
cases. The first is the case where Rν (or Rν+1) tried to pick a product when the buffer was
empty. The second is the case where Rν (or Rν+1) dropped a product when the buffer was
full. The initial state of the automaton is νx0 = νq1. The set of the marked states of the
automaton is νQm = {νq1, νq2, νq3}.

The alphabet of the automaton is

νE = {ν,νeBP, ν,νeBD, ν+1,νeBP, ν+1,νeBD} (9)

The event ν,νeBP is the command to Rν to pick a product from Bν. The event ν,νeBD is
the command to Rν to drop a product to Bν. The event ν+1,νeBP is the command to Rν+1 to
pick a product from Bν. The event ν+1,νeBD is the command to Rν+1 to drop a product to
Bν. The set of the controllable events of the automaton is νEc = νE. Hence, the set of the
uncontrollable events is νEuc = ∅.

The values of the transition functions of the automaton are:

ν f (νq1, ν,νeBD) =
νq2, ν f (νq1, ν+1,νeBD) =

νq3, ν f (νq2, ν+1,νeBP) =
νq1, ν f (νq3, ν,νeBP) =

νq1,
ν f (νq1, ν+1,νeBP) =

νq4, ν f (νq1, ν,νeBP) =
νq4, ν f (νq2, ν,νeBP) =

νq4, ν f (νq2, ν,νeBD) =
νq4, ν f (νq2, ν+1,νeBD) =

νq4,
ν f (νq3, ν,νeBD) =

νq4, ν f (νq3, ν+1,νeBP) =
νq4, ν f (νq3, ν+1,νeBD) =

νq4

The active event sets of the automaton are

νH(νq1) =
νH(νq2) =

νH(νq3) =
νE, νH(νq4) = ∅

The closed behavior of the automaton is

L(νG) = (ν,νeBDν+1,νeBP + ν+1,νeBDν,νeBP)
∗
(ν,νeBP + ν+1,νeBP + ν,νeBD(ν,νeBD + ν,νeBP + ν+1,νeBD) + ν+1,νeBD(ν,νeBD + ν+1,νeBD + ν+1,νeBP)) (10)

and the marked behavior of the automaton is

Lm(
νG) = (ν,νeBDν+1,νeBP + ν+1,νeBDν,νeBP)

∗ (11)

The automaton νG in (7) is a blocking automaton, as L(νG) 6= Lm(νG).
In Figure 3, the state diagram of νG is presented. The state diagram of νG is the same

as the model of the buffer proposed in [4].
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2.4. The Models of the Loading Docks

The model of Lin (input loading dock) is described by the 6-tuple

GI = (QI ,EI , f I ,HI , xI,0,QI,m) (12)
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The set of the states of the automaton is QI = {qI,1}. The state qI,1 is the only state of
the automaton. The initial state of the automaton is xI,0 = qI,1. The set of the marked states
is QI,m = {qI,1}.

The alphabet of the automaton is EI = {eI}. The event eI is the command to R1 to
pick a product from Lin. The set of the controllable events is EI,c = {eI}. Hence, the set
of the uncontrollable events is EI,uc = ∅. The transition function is f I(qI,1, eI) = qI,1. The
active event set is HI(qI,1) = {eI}.

The closed behavior of the automaton is equal to the marked behavior of the automa-
ton, i.e., L(GI) = Lm(GI) = e∗I . Thus, GI in (12) is a nonblocking automaton. In Figure 4,
the state diagram of GI is presented.
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The model of Lout (output loading dock) is described by the 6-tuple

GO = (QO,EO, fO,HO, xO,0,QO,m) (13)

The set of the states of the automaton is QO = {qO,1}. The state qO,1 is the only state
of the automaton. The initial state of the automaton is xO,0 = qO,1. The set of the marked
states of the automaton is QO,m = {qO,1}.

The alphabet of the automaton is EO = {eO}. The event eO is the command to R1
to drop a product to Lout. The set of the controllable events is EO,c = {eO}. Hence, the
set of the uncontrollable events is EO,uc = ∅. The transition function of the automaton is
fO(qO,1, eO) = qO,1. The active events set is HO(qO,1) = {eO}.

The closed behavior of the automaton is equal to the marked behavior of the automa-
ton, i.e., L(GO) = Lm(GO) = e∗O. Thus, GO in (13) is a nonblocking automaton. In Figure 5,
the state diagram of GO is presented.
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The state diagrams of each of the two loading docks, in Figures 4 and 5, are the same
with the respective models in [4].

2.5. The Models of the Robotic Manipulators

The model of R1 is described by the 6-tuple

1GR = (1QR, 1ER, 1 f R, 1HR, 1xR,0, 1QR,m) (14)

The set of the states of the automaton is 1QR = {1qR,1, 1qR,2}. The state 1qR,1 describes
the case where the gripper of R1 is empty. The state 1qR,2 describes the case where a product
is gripped by R1. The initial state of the automaton is 1xR,0 = 1qR,1. The set of the marked
states is 1QR,m = {1qR,1}.

The alphabet of the automaton is

1ER = {eI , eO, 1,1eP, 1,1eD, 1,2eP, 1,2eD, 1,1eBP, 1,1eBD} (15)
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The events of the above alphabet have been defined in the previous subsections. It is
important to mention that all events of 1ER in (15) are controllable.

The values of the transition function of the automaton are

1 f R(
1qR,1, e) = 1qR,2, ∀e ∈ {eI , 1,1eP, 1,2eP, 1,1eBP}, 1 f R(

1qR,2, e) = 1qR,1, ∀e ∈ {eO, 1,1eD, 1,2eD, 1,1eBD}

The active event sets of the automaton are

1HR(
1qR,1) = {eI , 1,1eP, 1,2eP, 1,1eBP}, 1HR(

1qR,2) = {eO, 1,1eD, 1,2eD, 1,1eBD}

The closed behavior of the automaton is

L(1GR) = ((eI + 1,1eP + 1,2eP + 1,1eBP)(eO + 1,1eD + 1,2eD + 1,1eBD))
∗ (16)

and the marked behavior of the automaton is

Lm(
1GR) =

(
(eI +

1,1eP + 1,2eP + 1,1eBP)(eO + 1,1eD + 1,2eD + 1,1eBD)
)∗

(17)

Thus, 1GR in (14) is a nonblocking automaton.
In Figure 6, the state diagram of 1GR is presented.
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The model of Ri where i = {2, . . . , n} is described by the 6-tuple

iGR = (iQR, iER, i f R, iHR, ixR,0, iQR,m) (18)

The set of the states of the automaton is

iQR = {iqR,1, iqR,2} (19)

The state iqR,1 describes the case where the gripper of Ri is empty. The state iqR,2
describes the case where a product is gripped by Ri. The initial state of the automaton is
ixR,0 = iqR,1. The set of the marked states of the automaton is iQR,m = {iqR,1}.

The alphabet of the automaton is

iER = {i,1eP, i,1eD, i,2eP, i,2eD, i,i−1eBP, i,i−1eBD, i,ieBP, i,ieBD} (20)

The events of the above alphabet have been defined in the previous subsections. It is
important to mention that all events of iER in (20) are controllable.

The values of the transition function of the automaton are

i f R(
iqR,1, e) = iqR,2, ∀e ∈ {i,1eP, i,2eP, i,i−1eBP, i,ieBP}, i f R(

iqR,2, e) = iqR,1, ∀e ∈ {i,1eD, i,2eD, i,i−1eBD, i,ieBD}

The active event sets of the automaton are

iHR(
iqR,1) = {i,1eP, i,2eP, i,i−1eBP, i,ieBP}, iHR(

iqR,2) = {i,1eD, i,2eD, i,i−1eBD, i,ieBD}
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The closed behavior of the automaton is

L(iGR) =
(
(i,1eP + i,2eP + i,i−1eBP + i,ieBP)(i,1eD + i,2eD + i,i−1eBD + i,ieBD)

)∗ (21)

and the marked behavior of the automaton is

Lm(
iGR) =

(
(i,1eP + i,2eP + i,i−1eBP + i,ieBP)(

i,1eD + i,2eD + i,i−1eBD + i,ieBD)
)∗

(22)

Hence, iGR in (18) is a nonblocking automaton.
In Figure 7, the state diagram of iGR is presented.
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The model of Rn+1 is described by the 6-tuple

n+1GR = (n+1QR, n+1ER, n+1 f R, n+1HR, n+1xR,0, n+1QR,m) (23)

The set of the states is n+1QR = {n+1qR,1, n+1qR,2}. The state n+1qR,1 describes the
case where the gripper of Rn+1 is empty. The state n+1qR,2 describes the case where a
product is gripped by Rn+1. The initial state of the automaton is n+1xR,0 = n+1qR,1. The set
of the marked states of the automaton is n+1QR,m = {n+1qR,1}.

The alphabet of the automaton is

n+1ER =
m
∪

j=1

(
{n+1,jeP, n+1,jeD}

)
∪{n+1,neBP, n+1,neBD} (24)

The events of the above alphabet have been defined in the previous subsections. It is
important to mention that all events of n+1ER in (24) are controllable.

The values of the transition function of the automaton are

n+1 f R(
n+1qR,1, e) = n+1qR,2, ∀e ∈

m
∪

j=1
{n+1,jeP}∪{n+1,neBP}, n+1 f R(

n+1qR,2, e) = n+1qR,1, ∀e ∈
m
∪

j=1
{n+1,jeD}∪{n+1,neBD}

The active event sets of the automaton are

n+1HR(
n+1qR,1) =

m
∪

j=1
{n+1,jeP}∪{n+1,neBP}, n+1HR(

n+1qR,2) =
m
∪

j=1
{n+1,jeD}∪{n+1,neBD}

The closed behavior of the automaton is

L(n+1GR) =

((
m
+

j=1
n+1,jeP + n+1,neBP

)(
m
+

j=1
n+1,jeD + n+1,neBD

))∗
(25)

and the marked behavior of the automaton is

Lm(
n+1GR) =

((
m
+

j=1

n+1,jeP + n+1,neBP

)(
m
+

j=1

n+1,jeD + n+1,neBD

))∗
(26)

Hence, n+1GR in (23) is a nonblocking automaton.
In Figure 8, the state diagram of n+1GR is presented.
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uncontrollable events, signaling completion of the production process, have not been 
considered in the model of [7]. The second rule is more restrictive than the respective rule 
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product if the destination buffer is full. According to the respective rule in [7], the robotic 
manipulator is not allowed to drop a product to the buffer only if the buffer is full. The 
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For the case where n = 3 and m = 3, the models of the robotic manipulators, presented
in this subsection, are reduced to those presented by respective state diagrams in [4].

3. Desired Behavior
3.1. The Rules of the Desired Behavior

The desired behavior of the wafer manufacturing system can be described in the form
of rules as follows:

• Only if a station (or a buffer) is empty will the respective serving robotic manipulator
drop a product to the station (or the buffer).

• Only if a station has a manufactured product (or a buffer has a product) will the
respective serving robotic manipulator pick a product from the station (or the buffer).

• The desired production sequence, namely the sequence of the placements of a wafer,
is presented in the transportation diagram in Figure 9.

• Once a wafer is picked up by Ri, where i ∈ {1, . . . , n}, if Ci+1,1 is full, then the
transportation of the wafer to Bi may cause blocking. Hence, a reasonable requirement
to avoid blocking is to guarantee an empty slot in Ci+1,1 before Ri initiates the wafer
transportation to Bi.

• Once a wafer is picked up by Ri, where i ∈ {2, . . . , n + 1}, if Ci−1,2 is full, then
the transportation of the wafer to Bi−1 may cause blocking. Hence, a reasonable
requirement to avoid blocking is to guarantee an empty slot in Ci−1,2 before Ri initiates
the wafer transportation to Bi−1.
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The first rule is a modification of the respective rule in [7]. It is noted that the uncon-
trollable events, signaling completion of the production process, have not been considered
in the model of [7]. The second rule is more restrictive than the respective rule in [7], in
the sense that it does not allow the respective robotic manipulator to pick a product if the
destination buffer is full. According to the respective rule in [7], the robotic manipulator
is not allowed to drop a product to the buffer only if the buffer is full. The third rule is
introduced here to guarantee the serial structure of the wafer manufacturing system. This
rule is in accordance with the production sequence presented in [7] for the case where
n = 4 and m = 3. The fourth rule has been introduced first here. The aim of the fourth rule
is to avoid blocking when transporting products from the machines Ci,1 to the respective
buffer. The fifth rule was first introduced in [7].
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3.2. The Desired Behavior in the Form of Regular Languages

For Ci,j, where i ∈ {1, . . . , n + 1} and j ∈ J(i), which is given in (1), the first and
second rule can be expressed in the form of the following regular languages:

1,1K =
(
(eI +

1,1eu)
∗1,1eD1,1eu1,1e∗u1,1eP

)∗ (27a)

1,2K =
(
(1,1eBP + 1,2eu)

∗1,2eD1,2eu1,2e∗u1,2eP
)∗ (27b)

i,1K =
(
(i,i−1eBP + i,1eu)

∗ i,1eDi,1eui,1e∗ui,1eP
)∗ ; i ∈ {2, . . . , n} (27c)

i,2K =
(
(i,ieBP + i,2eu)

∗ i,2eDi,2eui,2e∗ui,2eP
)∗ ; i ∈ {2, . . . , n} (27d)

n+1,1K =
(
(n+1,neBP + n+1,1eu)

∗n+1,1eDn+1,1eun+1,1e∗un+1,1eP
)∗ (27e)

n+1,2K =
(
(n+1,1eP + n+1,3eu)

∗n+1,3eDn+1,3eun+1,3e∗un+1,3eP
)∗ (27f)

n+1,λK =
(
(n+1,λeP + n+1,λ+1eu)

∗n+1,λ+1eDn+1,λ+1eun+1,λ+1e∗un+1,λ+1eP
)∗; λ ∈ {3, . . . , m− 1} (27g)

n+1,mK =
(
(n+1,meP + n+1,2eu)

∗n+1,2eDn+1,2eun+1,2e∗un+1,2eP
)∗ (27h)

It is observed that i,jK ⊆ Lm(i,jG), where i ∈ {1, . . . , n + 1} and j ∈ J(i).
For Bi, where i ∈ {1, . . . , n}, the combination of the first and second rule is expressed

in the form of two specifications. The first specification is as follows: once Ri drops a
product to Bi, then the product can be picked only by Ri+1. The second specification is as
follows: once Ri+1 drops a product to Bi, then the product can be picked only by Ri. For
the two specifications, the corresponding regular languages are:

iK = ic; i ∈ {1, . . . , n}, iKB = icB; i ∈ {2, . . . , n + 1} (28)

where the regular expressions ic and icB are

ic =
(
(i+1,ieBP + i+1,ieBD)

∗
(i,1eP(

i+1,ieBP + i+1,ieBD + i+1,2eP)
∗
(i,ieBD)(

i+1,ieBD + i+1,2eP)
∗
(i+1,ieBP)+

+i+1,2eP(
i+1,ieBP + i+1,2eP)

∗
(i+1,ieBD)(

i+1,ieBP + i+1,ieBD + i+1,2eP)
∗
(i,ieBP))

)
,

icB =
(
(i−1,i−1eBP + i−1,i−1eBD)

∗(i,2eP(
i−1,1eP + i−1,i−1eBP + i−1,i−1eBD)

∗
(i,i−1eBD)(

i−1,1eP + i−1,i−1eBD)
∗
(i−1,i−1eBP)+

+i−1,1eP(
i−1,1eP + i−1,i−1eBP)

∗
(i−1,i−1eBD)(

i−1,1eP + i−1,i−1eBP + i−1,i−1eBD)
∗
(i,i−1eBP)

))∗
.

Regarding the third rule, namely the coordination of the production sequence through
the control of the robotic manipulators, the desired behavior of each robotic manipulator is
expressed by the following regular languages:

1KR =
(

eI
1,1eD + 1,1eP

1,1eBD + 1,1eBP
1,2eD + 1,2ePeO

)∗
(29a)

iKR =
(

i,i−1eBP
i,1eD + i,1eP

i,ieBD + i,ieBP
i,2eD + i,2eP

i,i−1eBD

)∗
; i ∈ {2, . . . , n}, (29b)

n+1KR =

(
n+1,neBP

n+1,1eD + n+1,1eP
n+1,3eD +

(
m−1
+

λ=3
(n+1,λeP

n+1,λ+1eD)

)
+ n+1,meP

n+1,2eD + n+1,2eP
n+1,neBD

)∗
. (29c)
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In the formulation of the third rule as the above set of regular languages, appro-
priate characteristics of the fourth and fifth rules have been used. It is observed that
iKR ⊆ Lm(iGR) and the alphabet of iKR is the alphabet iER, where i ∈ {1, . . . , n + 1}.

Proposition 1. The regular language iKR, where i ∈ {1, . . . , n + 1}, is Lm(iGR)-closed.

Proof of Proposition 1. According to [15,16], the language iKR is Lm(iGR)-closed if iKR =
iKR ∩Lm(iGR). Clearly, every word of iKR, not belonging to iKR, ends with a pick event.
Furthermore, in every word of Lm(iGR), after a pick event, a drop event follows. This drop
event activates the transition of iGR to its initial state, being the only marked state of iGR.
Thus, iKR ∩ Lm(iGR) ⊆ iKR. Since, iKR ⊆ iKR and iKR ⊆ Lm(iGR), the proof has been
completed. �

The fourth rule is expressed by the following regular language:

i,1KD = (i+1,1e∗P
i,1ePi+1,1eP)

∗; i ∈ {1, . . . , n} (30)

The fifth rule is expressed by the following regular language:

i,2KD = (i−1,2e∗P
i,2ePi−1,2eP)

∗; i ∈ {2, . . . , n + 1} (31)

Overall and mainly due to the second rule, the presented design specifications are
less permissive than the design specifications proposed in [7] for the wafer manufacturing
system with n = 4 and m = 3. It is noted that in such production lines, blocking can take
place in cases where there are more products to be transported to the next stations and
buffers than their number. In [7], appropriate coordination supervisors are proposed to
avoid blocking. Each coordinator is essentially a product counter controlling only one
robotic manipulator. In the present work, blocking is avoided using an alternative approach
where, through the second rule, the robotic manipulator is permitted to receive products
from a station only if the destination buffer and the respective production station following
the buffer are empty.

4. Distributed Supervisory Control Architecture

The control of the wafer manufacturing process will be implemented by local control
units, e.g., programmable logic controllers (PLCs), remote terminal units (RTUs), and
microcontrollers. Each local control unit is denoted as Ui, where i ∈ {1, . . . , n + 1}. Each Ui
is dedicated to controlling the allowability of the influence of a particular set of controllable
events. This event set is disjoint to the respective set of any other local control unit. This
way, inspired by the respective decentralized architecture proposed in [7] for n = 4 and
m = 3, a distributed control configuration is proposed. Details regarding distributed
supervisory control can be found in [15]. In Section 5, the design specifications, defined
by the regular languages presented in Section 3.2, will be realized through appropriate
supervisor automata implemented to the local control units Ui, where i ∈ {1, . . . , n + 1}.

Particularly, the supervisor automata implemented in Ui, where i ∈ {1, . . . , n}, are the
supervisors i,1S, i,2S, iS, iSB, iSR,i,1SD, and i,2SD. The supervisors realize the languages
i,1K, i,2K, iK, iKB, iKR, i,1KD, and i,2KD, respectively. Note that the languages 1KB and
1,2KD do not correspond to any rule of desired behavior and are introduced exclusively for
uniformity reasons to be 1KB = 1E∗R and 1,2KD = 1E∗R.

The input signals of Ui, where i ∈ {1, . . . , n}, are:

(i) The events of Ri;
(ii) the single uncontrollable event of Ci,j, namely the event i,jeu, where j ∈ {1, 2};
(iii) The events i+1,ieBP, i+1,ieBD, i+1,1eP, and i+1,2eP, of Ri+1;
(iv) the events i−1,i−1eBP, i−1,i−1eBD, i−1,1eP, and i−1,2eP of Ri−1, where i ∈ {2, . . . , n}.
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Particularly, the supervisor automata implemented in Un+1 are the supervisors n+1,1S,
. . . , n+1,mS, n+1S, n+1SB, n+1SR, n+1,1SD, and n+1,2SD. The supervisors realize the lan-
guages n+1,1K, . . . ,n+1,mK, n+1K, n+1KB, n+1KR, n+1,1KD, and n+1,2KD, respectively.
Note that the languages n+1K and n+1,1KD do not correspond to any rule of desired
behavior and are introduced exclusively for uniformity reasons to be n+1K = n+1E∗R and
n+1,1KD = n+1E∗R.

The input signals of Un+1 are:

(i) The events of Rn+1;
(ii) The uncontrollable events of Cn+1,j, namely the events n+1,jeu, where j ∈ {1, . . . , m};
(iii) The events n,neBP, n,neBD, n,1eP, and n,2eP of Rn.

Clearly, the events of the categories (iii) and (iv) of Ui, where i ∈ {1, . . . , n}, and
the events of the category (iii) of Un+1 cannot be restricted by the control unit and serve
only as monitoring events. The events i,jeu, where i ∈ {1, . . . , n + 1} and j ∈ J(i), being
uncontrollable events of the production stations, cannot be restricted by the control unit
Ui. Furthermore, the events i+1,ieBP, i+1,ieBD, i+1,1eP, i+1,2eP, and the events i−1,i−1eBP,
i−1,i−1eBD, i−1,1eP, and i−1,2eP, where i ∈ {2, . . . , n + 1}, are used by Ui exclusively for
monitoring purposes and are not allowed to be restricted by the control unit Ui. Based on
this interconnection, the alphabet of Ui will be augmented as compared to the alphabet of
the automaton iGR. The augmented alphabet is the following:

iẼR = iER ∪ {i+1,ieBP, i+1,ieBD, i+1,1eP, i+1,2eP, i−1,i−1eBP, i−1,i−1eBD, i−1,1eP, i−1,2eP, i,1eu, i,2eu} (32)

where i ∈ {1, . . . , n}, and

n+1ẼR = n+1ER ∪ {n,neBP, n,neBD, n,1eP, n,2eP}
m
∪

j=1
{n+1,jeu} (33)

It is important to mention that the set of the events that can be restricted by Ui
(controllable event set), where i ∈ {1, . . . , n + 1}, is iẼR,u = iER. Regarding these event
sets, it holds that

1ẼR,u ∩ kẼR,u = ∅, ∀k ∈ {3, . . . , n + 1} (34a)

iẼR,u ∩ kẼR,u = ∅, ∀i, k ∈ {2, . . . , n} : (k > i + 1) ∧ (k < i− 1) (34b)

n+1ẼR,u ∩ kẼR,u = ∅, ∀k ∈ {1, . . . , n− 1} (34c)

Also, regarding the adjacent control units, it holds that

iẼR ∩ i+1ẼR = {i+1,ieBP, i+1,ieBD, i+1,1eP, i+1,2eP}; i ∈ {1, . . . , n} (35a)

iẼR ∩ i−1ẼR = {i−1,i−1eBP, i−1,i−1eBD, i−1,1eP, i−1,2eP}; i ∈ {2, . . . , n + 1} (35b)

Before presenting the design requirements of the present supervisory control scheme,
the alphabets of the desired languages will be presented. The alphabets of 1,1K and
1,2K are 1,1Ẽ = 1,1E ∪ {eI} and 1,2Ẽ = 1,2E ∪ {eO}, respectively. The alphabets of i,1K
and i,2K are i,1Ẽ = i,1E ∪ {i,i−1eBP} and i,2Ẽ = i,2E ∪ {i,ieBP}, where i ∈ {2, . . . , n},
respectively. The alphabet of n+1,1K is n+1,1Ẽ = n+1,1E ∪ {n+1,neBP}, the alphabet of
n+1,2K is n+1,2Ẽ = n+1,3E ∪ {n+1,1eP}, the alphabet of n+1,λK is n+1,λẼ = n+1,λ+1E ∪
{n+1,λeP}, where λ ∈ {3, . . . , m − 1}, and the alphabet of n+1,mK is n+1,mẼ = n+1,2E ∪
{n+1,meP}. The alphabet of iK is iẼ = {i,ieBP, i,ieBD, i,1eP, i+1,2eP, i+1,ieBP, i+1,ieBD}, where
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i ∈ {1, . . . , n}. The alphabet of n+1K is n+1Ẽ = n+1ER. The alphabet of iKB is iẼB =
{i,i−1eBP, i,i−1eBP, i,2eP, i−1,1eP, i−1,i−1eBP, i−1,i−1eBD}, where i ∈ {2, . . . , n + 1}. The alpha-
bet of 1KB is 1ẼB = 1ER. The alphabet of iKR is iER, where i ∈ {1, . . . , n + 1}. The
alphabet of i,1KD is i,1ẼD = {i,1eP, i+1,1eP}, where i ∈ {1, . . . , n}. The alphabet of n+1,1KD
is n+1,1ẼD = n+1ER. Finally, the alphabet of i,2KD is i,2ẼD = {i−1,2eP, i,2eP}, where
i ∈ {2, . . . , n + 1}. The alphabet of 1,2KD is 1,2ẼD = 1ER.

The design requirements of the supervisors of Ui, where i ∈ {1, . . . , n}, are expressed
in terms of a respective controlled automaton, denoted by iGc, being of the following
structure:

iGc = GI ||GO||iGR||i,1G||i,2G||iG||i−1G||iSR||i,1S||i,2S||iS||iSB||i,1SD||i,2SD =
= iGR||i,1G||i,2G||iG||i−1G||iSR||i,1S||i,2S||iS||iSB||i,1SD||i,2SD

(36)

where || denotes the synchronous product [15] (or the parallel connection [16]) of two
automata, and where 0G = ({q1}, ∅, ∅, ∅, q1, {q1}). Clearly, for every automaton G it
holds that 0G||G = G. It is important to mention that the final equality in (36) results from
the structure of the automata of the loading docks, having only one state and being marked,
and a self-transition activated by all events of the automaton’s alphabet. The closed and
the marked behavior of the synchronous product in (36), where i ∈ {1, . . . , n}, are in the
following form:

L(iGc) = iP−1
R
(
L(iGR) ∩L(iSR)

)
∩ iP−1 (L(iG)

)
∩ iP−1

B
(
L(i−1G)

)
∩ i P̃−1(L(iS)

)
∩ i P̃−1

B
(
L(iSB)

)
∩

2
∩

j=1

(
i,jP−1 (L(i,jG)

)
∩ i,j P̃−1(L(i,jS)

)
∩ i,jP−1

D
(
L(i,jSD)

))
, (37a)

Lm(iGc) = iP−1
R

(
Lm(iGR) ∩Lm(iSR)

)
∩ iP−1

(
Lm(iG)

)
∩ iP−1

B

(
Lm(i−1G)

)
∩ i P̃−1

(
Lm(iS)

)
∩ i P̃−1

B

(
Lm(iSB)

)
∩

2
∩

j=1

(
i,jP−1

(
Lm(i,jG)

)
∩ i,j P̃−1

(
Lm(i,jS)

)
∩ i,jP−1

D

(
Lm(i,jSD)

))
,

(37b)

where iPR is the projection of iẼ∗R to iE∗R; i,jP and i,j P̃ are the projections of iẼ∗R to i,jE∗ and
i,jẼ∗, respectively; iP and i P̃ are the projections of iẼ∗R to iE∗ and iẼ∗, respectively; iPB and
i P̃B are the projections of iẼ∗R to i−1Ẽ∗ and iẼ∗B, respectively; i,1PD is the projection of iẼ∗R
to i,1Ẽ∗D; and i,2PD is the projection of iẼ∗R to i,2Ẽ∗D.

For i = n + 1, the controlled automaton is required to be of the following structure:

n+1Gc =
n+1GR||

(
m
||

j=1
(n+1,jG||n+1,jS)

)
||nG||n+1SR||n+1SB||n+1,2SD (38)

Clearly, the closed and the marked behavior of the synchronous product in (38) are in
the following form:

L(n+1Gc) = n+1P−1
R
(
L(n+1GR) ∩L(n+1SR)

)
∩ n+1P−1

B (L(nG)) ∩ n+1P̃−1
B
(
L(n+1SB)

)
∩

m
∩

j=1

(
n+1,jP−1(L(n+1,jG)

)
∩ n+1,j P̃−1(L(n+1,jS)

))
∩ n+1,2P−1

D
(
L(n+1,2SD)

)
, (39a)

Lm(n+1Gc) = n+1P−1
R
(
Lm(n+1GR) ∩Lm(n+1SR)

)
∩ n+1P−1

B (Lm(nG)) ∩ n+1P̃−1
B
(
Lm(n+1SB)

)
∩

m
∩

j=1

(
n+1,jP−1(Lm(n+1,jG)

)
∩ n+1,j P̃−1(Lm(n+1,jS)

))
∩ n+1,2P−1

D
(
Lm(n+1,2SD)

)
, (39b)

where n+1PR is the projection of n+1Ẽ∗R to n+1E∗R; n+1,jP and n+1,j P̃ are the projections of
n+1Ẽ∗R to n+1,jE∗ and n+1,jẼ∗ (∀j ∈ J(i)), respectively; n+1PB and n+1P̃B are the projections
of n+1Ẽ∗R to n+1Ẽ∗ and n+1Ẽ∗B, respectively; and n+1,2PD is the projection of n+1Ẽ∗R to
n+1,2Ẽ∗D.
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In accordance with [7,16], the present supervisors are designed in a way that all super-
visors’ states are marked. Thus, the closed and the marked behaviors of the supervisors for
i ∈ {1, . . . , n + 1} and j ∈ J(i) are required to be

L(i,jS) = Lm(
i,jS) = i,jK = i,jK (40a)

L(iS) = Lm(
iS) = iK = iK (40b)

L(iSB) = Lm(
iSB) = iKB = iKB (40c)

L(i,1SD) = Lm(
i,1SD) = i,1KD = i,1KD (40d)

L(i,2SD) = Lm(
i,2SD) = i,2KD = i,2KD (40e)

L(iSR) = Lm(
iSR) = iKR (40f)

According to Equation (40a–f), the closed and marked behaviors of the respective
supervisors are designed to be equal to the prefix closure of the desired languages. Fur-
thermore, regarding Equation (40a–e), it is observed that since the languages i,jK, iK, iKB,
i,1KD, and i,2KD are prefix-closed, then the equality between the closed and marked behav-
iors of the respective supervisors is derived. Here, it is important to recall that, according
to Proposition 1, the language iKR is Lm(iGR)-closed. For the definition and properties of
prefixed-closed languages, see [15,16].

In addition to the above design requirements, the marked behavior of the controlled
automaton iGc, for i ∈ {1, . . . , n}, is required to be

Lm(
iGc) =

2
∩

j=1

(
i,jP−1(i,jK) ∩ i,jP−1

D (i,jKD)
)
∩ iP−1

R (iKR) ∩ iP−1(iK) ∩ iP−1
B (iKB) (41)

For i = n + 1, the marked behavior of the controlled automaton n+1Gc is required to
be

Lm(
n+1Gc) =

m
∩

j=1

(
n+1,jP−1(n+1,jK)

)
∩ n+1P−1

R (n+1KR) ∩ n+1P−1
B (n+1KB) ∩ n+1,2P−1

D (n+1,2KD) (42)

In addition, for all i ∈ {1, . . . , n + 1}, the marked behaviors of the controlled automata
are required to satisfy the nonblocking requirement, i.e.,

L(iGc) = Lm(iGc) (43)

Finally, it is required for the supervisors embedded in Ui, where i ∈ {1, . . . , n + 1} and
j ∈ J(i), to be physical realizable (PR) (see [17]) with respect to the automata iGR, i,jG, iG,
and i−1G through the synchronous products in (36) and (38).

The satisfaction of the design requirements (36), (38) and (40)–(43) will be accomplished
through the distributed control architecture proposed here, providing separate develop-
ment and implementation of the control algorithm of each control unit Ui. Furthermore,
the control algorithm of each Ui is analyzed for the conjunction of several supervisors pro-
viding modularity at the local control layer. The distributed- control architecture, designed
for the present wafer system and being in accordance with the definition of distributed
architectures presented in [7], is analyzed for a set of local controllers, i.e., one controller
per robotic manipulator and the respective served production stations. Each local controller
is fed by the events of the respective controlling subsystem and a set of distinct events
coming from the adjacent subsystems through a “transfer line” (shared resources). It is
mentioned that in [3,4], a distributed control architecture is proposed for the case where
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n = 3 and m = 3. To the best to our knowledge the presents control architecture is the first
distributed control architecture for the general parametric model of wafer manufacturing
systems.

In Figure 10, a simplified drawing of the configuration of the distributed control
architecture is presented. In each control unit, the respective supervisors to be implemented
and the respective participating alphabets are depicted. Clearly, each of the supervisors
n+1S, 1SB, n+1,1SD, and 1,2SD, introduced for uniformity purposes, can be realized by
an automaton with one state being marked and self-transitions for all the events of the
corresponding alphabets. Nevertheless, the implementation of these supervisors is not
necessary as they do not impose any additional desired performance. However, in the
analysis in Section 6, they will be used for uniformity reasons.
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As already mentioned, in the special case where n = 4 and m = 3, the resulting model
of the system is similar to the one in [7]. In Section 3, differences and similarities of the
proposed desired behavior, in comparison to the one in [7], have been presented. The main
difference is imposed by the combination of the second, fourth, and fifth specifications,
regarding blocking avoidance. In the present paper, a more restrictive rule is proposed.
Particularly, if a buffer or a manufacturing station (in any flow direction) is full, then the
respective robotic manipulator is not allowed to pick a product from the respective station.

The present method can be effective in cases of station faults, i.e., if a fault takes place
in a station, then the robotic manipulator is not allowed to pick or place products in this
station. This way, the respective buffers are kept available to receive products from the
reverse product flow.

The realization of the supervisors, depicted in Figure 10 and satisfying the design
requirements (40a–f), will be determined in Section 5. In Section 6, the design requirements
(40)–(43) and the physical realizability of the distributed supervisor design scheme will be
proven to be satisfied.

5. Supervisor Realization
5.1. Supervisors of the Production Stations

The supervisors realizing the languages i,1K, where i ∈ {1, . . . , n}, are in a 6-tuple
form (see [17–21]), as follows:

i,1S = (i,1QS, i,1Ẽ, i,1 f S, i,1HS, i,1xS,0, i,1QS,m) (44)
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The set of the states of the supervisor automaton is i,1QS = {i,1qS,1, i,1qS,2, i,1qS,3}. The
initial state is i,1xS,0 = i,1qS,1. The set of the marked states is i,1QS,m = i,1QS. The values of
the transition functions of the supervisor automaton are

i,1 f S(
i,1qS,1, i,i−1eBP) =

i,1qS,1, i,1 f S(
i,1qS,1, i,1eu) = i,1qS,1, i,1 f S(

i,1qS,1, i,1eD) =
i,1qS,2,

i,1 f S(
i,1qS,2, i,1eu) = i,1qS,3, i,1 f S(

i,1qS,3, i,1eP) =
i,1qS,1

The active events sets are

i,1HS(
i,1qS,1) = {i,i−1eP, i,1eD, i,1eu}, i,1HS(

i,1qS,2) = {i,1eu},
i,1HS(

i,1qS,3) = {i,1eP, i,1eu}

The closed behavior and the marked behavior of the automaton satisfy the require-
ments (40a). In Figure 11, the state diagram of the supervisor is presented.
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Figure 11. State diagram of supervisor i,1S.

The supervisor 1,1S realizing the language 1,1K, the supervisor i,2S realizing the
language i,2K, where i ∈ {1, . . . , n}, and the supervisor n+1,jS realizing n+1,jK, where
j ∈ {1, . . . , m}, have the same state diagram configuration as that in Figure 11.

The supervisor automaton realizing i,1KD, where i ∈ {1, . . . , n}, is the 6-tuple

i,1SD = (i,1QD,S, i,1ED, i,1 f D,S, i,1HD,S, i,1xD,S,0, i,1QD,S,m) (45)

The set of the states of the supervisor automaton is i,1QD,S = {i,1qD,S,1, i,1qD,S,2}. The
initial state is i,1xD,S,0 = i,1qD,S,1. The set of the marked states is i,1QD,S,m = i,1QD,S. The
values of the transition function of the supervisor automaton are

i,1 f D,S(
i,1qD,S,1, i+1,1eP) =

i,1qD,S,1, i,1 f D,S(
i,1qD,S,1, i,1eP) =

i,1qD,S,2, i,1 f D,S(
i,1qD,S,2, i+1,1eP) =

i,1qD,S,1

The active events sets are

i,1HD,S(
i,1qD,S,1) = {i,1eP, i+1,1eP}, i,1HD,S(

i,1qD,S,2) = {i+1,1eP}

The closed behavior and the marked behavior of the automaton satisfy the require-
ments (40d). In Figure 12, the state diagram of the supervisor is presented.
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The supervisor i,2SD of the language i,2KD, where i ∈ {2, . . . , n + 1}, has the same
state diagram configuration as that in Figure 12. It is mentioned that a realization of the
supervisors n+1,1SD and 1,2SD has already been proposed in Section 4.
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5.2. Supervisors of the Buffers

The supervisors for the buffers, namely the supervisors realizing the language iK,
where i ∈ {1, . . . , n}, are in the form

iS = (iQS, iẼ, i f S, iHS, ixS,0, iQS,m) (46)

The set of the states is iQS = {iqS,1, iqS,2, iqS,3, iqS,4, iqS,5}. The initial state is ixS,0 =
iqS,1. The set of the marked states is iQS,m = iQS. The values of the transition functions are

i f S(
iqS,1, i+1,ieBP) =

iqS,1, i f S(
iqS,1, i+1,ieBD) =

iqS,1, i f S(
iqS,1, i,1eP) =

iqS,2,
i f S(

iqS,1, i+1,2eP) =
iqS,4, i f S(

iqS,2, i+1,ieBP) =
iqS,2, i f S(

iqS,2, i+1,ieBD) =
iqS,2,

i f S(
iqS,2, i+1,2eP) =

iqS,2, i f S(
iqS,2, i,ieBD) =

iqS,3, i f S(
iqS,3, i+1,ieBP) =

iqS,3,
i f S(

iqS,3, i+1,2eP) =
iqS,3, i f S(

iqS,3, i+1,ieBD) =
iqS,1, i f S(

iqS,4, i+1,ieBP) =
iqS,4,

i f S(
iqS,4, i+1,2eP) =

iqS,4, i f S(
iqS,4, i+1,ieBD) =

iqS,5, i f S(
iqS,5, i+1,ieBP) =

iqS,5,
i f S(

iqS,5, i+1,ieBD) =
iqS,5, i f S(

iqS,5, i+1,2eP) =
iqS,5, i f S(

iqS,5, i,ieBP) =
iqS,1

The active events sets are

iHS(
iqS,1) = {i,1eP, i+1,2eP, i+1,ieBP, i+1,ieBD}, iHS(

iqS,2) = {i,ieBD, i+1,2eP, i+1,ieBP, i+1,ieBD}
iHS(

iqS,3) = {i+1,2eP, i+1,ieBP, i+1,ieBD}, iHS(
iqS,4) = {i+1,2eP, i+1,ieBP, i+1,ieBD},

iHS(
iqS,5) = {i,ieBP, i+1,2eP, i+1,ieBP, i+1,ieBD}

The closed behavior and the marked behavior of the automaton satisfy the require-
ments (40b). In Figure 13, the state diagram of the supervisor is presented.
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The state diagram of the supervisor iSB, where i ∈ {2, . . . , n + 1}, has the same
configuration as the state diagram of iS, where i ∈ {1, . . . , n}. The closed behavior and
the marked behavior of the automaton satisfy the requirements (6c). In Figure 14, the state
diagram of the supervisor iSB, where i ∈ {2, . . . , n + 1}, is presented.
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It is mentioned that the supervisors n+1S and 1SB, mentioned in Section 4 to be
supervisors realizing the languages n+1K and 1KB, respectively, are single-state automata,
with self-transitions activated by all events of the alphabet n+1ER and the alphabet 1ER,
respectively. It is noted that the single states of the supervisor automata are marked.

5.3. Supervisors of the Robotic Manipulators

The supervisor of the robotic manipulator Ri, namely the supervisor realizing the
language iKR, where i ∈ {2, . . . , n}, is in the form

iSR = (iQR,S, iER, i f R,S, iHR,S, ixR,S,0, iQR,S,m) (47)

The set of the states is iQR,S = {iqR,S,1, iqR,S,2, iqR,S,3, iqR,S,4, iqR,S,5}. The initial state is
ixR,S,0 = iqR,S,1. The set of the marked states is iQR,S,m = iQR,S. The values of the transition
function of the supervisor automaton are

i f R,S(
iqR,S,1, i,i−1eBP) =

iqR,S,2, i f R,S(
iqR,S,1, i,1eP) =

iqR,S,3
i f R,S(

iqR,S,1, i,ieBP) =
iqR,S,4, i f R,S(

iqR,S,1, i,2eP) =
iqR,S,5, i f R,S(

iqR,S,2, i,1eD) =
iqR,S,1,

i f R,S(
iqR,S,3, i,ieBD) =

iqR,S,1, i f R,S(
iqR,S,4, i,2eD) =

iqR,S,1,
i f R,S(

iqR,S,5, i,i−1eBD) =
iqR,S,1

The active events sets are

iHR,S(
iqR,S,1) = {i,i−1eBP, i,1eP, i,ieBP, i,2eP}, iHR,S(

iqR,S,2) = {i ,1eD},
iHR,S(

iqR,S,3) = {i,ieBD}, iHR,S(
iqR,S,4) = {i,2eD}, iHR,S(

iqR,S,5) = {i,i−1eBD}

The closed behavior and the marked behavior of the automaton satisfy the require-
ments (40f). In Figure 15, the state diagram of the supervisor is presented.
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The supervisor 1SR of the language 1KR has the same state diagram configuration as
that in Figure 15. In Figure 16, the state diagram of the supervisor 1SR is presented.
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The supervisor of the robotic manipulator Rn+1, namely the supervisor realizing the
language n+1KR,D, is in the form

n+1SR = (n+1QR,S, n+1ER, n+1 f R,S, n+1HR,S, n+1xR,S,0, n+1QR,S,m) (48)

The set of the states is n+1QR,S = {n+1qR,S,1, n+1qR,S,2, . . . , n+1qR,S,m+2}. The initial
state is n+1xR,S,0 = n+1qR,S,1. The set of the marked states is n+1QR,S,m = n+1QR,S. The
values of the transition functions of the supervisor automaton are

n+1 f R,S(
n+1qR,S,1, n+1,neBP) =

n+1qR,S,2, n+1 f R,S(
n+1qR,S,1, n+1,1eP) =

n+1qR,S,3,
n+1 f R,S(

n+1qR,S,1, n+1,jeP) =
n+1qR,S,j+1, ∀j ∈ {3, 4, . . . , m}

n+1 f R,S(
n+1qR,S,1, n+1,2eP) =

n+1qR,S,m+2, n+1 f R,S(
n+1qR,S,2, n+1,1eD) =

n+1qR,S,1,
n+1 f R,S(

n+1qR,S,j, n+1,jeD) =
n+1qR,S,1, ∀j ∈ {3, 4, . . . , m}, n+1 f R,S(

n+1qR,S,m+1, n+1,2eD) =
n+1qR,S,1,

n+1 f R,S(
n+1qR,S,m+2, n+1,neBD) =

n+1qR,S,1

The active events sets are

n+1HR,S(
n+1qR,S,1) = {n+1,neBP, n+1,1eP, . . . , n+1,meP}

n+1HR,S(
n+1qR,S,2) = {n+1,1eD}n+1HR,S(

n+1qR,S,j) = {n+1,jeD}, ∀j ∈ {3, 4, . . . , m},
n+1HR,S(

n+1qR,S,m+1) = {n+1,2eD}n+1HR,S(
n+1qR,S,m+2) = {n+1,neBD}

The closed behavior and the marked behavior of the automaton satisfy the require-
ments (40f). In Figure 17, the state diagram of the supervisor is presented.
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6. Establishment of the Satisfactory Performance of the Controlled Automaton

In the present section, two lemmas, five theorems and two remarks regarding the
implementability of the control architecture proposed in Section 4 will be established using
the supervisor realizations derived in Section 5. In particular, the controllability of the
desired languages will be proven through the proof of the physical realizability (see [17]) of
the derived supervisors. Furthermore, the nonblocking property of the resulting controlled
automaton will be proven. Finally, using these theorems and remarks, the satisfactory
performance of the controlled automaton will be guaranteed. The satisfactory transition
sequence of the controlled automaton will be determined in terms of the closed and the
marked behavior of the controlled automaton. According to the distributed control archi-
tecture, proposed in Section 4, the supervisors embedded in Ui, where i ∈ {1, . . . , n + 1},
are designed in order to satisfy the physical realizability of the supervisors with respect
to the wafer manufacturing process, the nonblocking property of the resulting controlled
automaton, and the satisfactory closed and marked behaviors of the controlled automaton.

Regarding the physical realizability, the investigation is limited to the physical realiz-
ability of the supervisors of Ui with respect to the robotic manipulator Ri, the production
station Ci,j, where j ∈ J(i), and the buffer Bi, where i ∈ {1, . . . , n}, through the synchronous
products in (36) and (38). The physical realizability of the supervisors of U1 with respect to
the loading docks is not investigated as all events in their alphabets are controllable.

Regarding nonblocking, the investigation will start with the nonblocking property of
the automata in the synchronous products (36) and (38). Then the nonblocking property of
the overall system will be investigated. Regarding the loading docks, it is observed that
they cannot cause blocking to the controlled automaton, as they have only one state, being
marked, and a single event self-transition.

As already mentioned, in the present section, two lemmas and five theorems will
be presented. In the two lemmas, the exclusion of non-marked states in appropriate
synchronous products, due to non-accessibility, will be proven. Regarding non-accessible
states, see [16]. In the first four theorems of the present section, the issues of physical
realizability and nonblocking will be investigated with respect to the influence of the
supervisors of Ui to the devices controlled by the respective control unit. Finally, in the fifth
theorem, the nonblocking property of the overall controlled wafer manufacturing system is
investigated through the synchronous product of the participating controlled automata.
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In the first theorem, the physical realizability of the supervisors, embedded to Ui,
where i = {2, . . . , n}, with respect to the automata of the production stations, the robot,
and the buffer affected by the events of the control unit Ui, through the synchronous
product (36) will be proven. All automata affected by the control unit Ui are composed
as the synchronous product iGR||iG||i−1G||i,1G||i,2G. In the second theorem, the phys-
ical realizability of the supervisors, embedded to Un+1, with respect to the automaton
n+1GR||nG

m
||

j=1

n+1,jG, through the synchronous product (38) will be proven. Furthermore,

the first of the two remarks of the section will cover the physical realizability of the supervi-
sors, embedded to U1.

Theorem 1. The synchronous product in (36), where i = {2, . . . , n}, is physical realizable (PR),
with respect to iGR||iG||i−1G||i,1G||i,2G.

Proof of Theorem 1. Regarding the supervisors embedded in the control unit Ui, the
several events of the automaton iGR||iG||i−1G||i,1G||i,2G are not allowed to be restricted
by the supervisors. These events, being uncontrollable by Ui, are the uncontrollable events
of the two production stations, i.e., the events i,1eu and i,2eu, and the monitoring events
of the adjacent control units, i.e., the events i+1,ieBP, i+1,2eP, i+1,ieBD, i−1,1eP, i−1,i−1eBD,
i−1,i−1eBP, i+1,1eP, and i−1,2eP. Here, it will be investigated if each supervisor of Ui is able
to restrict these 10 events. To this end, first it is observed that all events in the alphabet of
iSR are controllable. Thus, iSR does not restrict any of the 10 events. Second, it is observed
that the uncontrollable events in the alphabet of iS, being the events i+1,ieBP, i+1,2eP, and
i+1,ieBD, satisfy the following properties:

i+1,ieBP ∈ ∩5
λ=1

(
iHS(

iqS,λ)
)

, i+1,2eP ∈ ∩5
λ=1

(
iHS(

iqS,λ)
)

, i+1,ieBD ∈ ∩3
λ=1

(
iHS(

iqS,λ)
)

The above relations reveal that the three uncontrollable events of iS belong to the
active even sets of all states of iS. Thus, iS does not restrict any of the 10 events. Third, it
is observed that the uncontrollable events in the alphabet of iSB, being the events i−1,1eP,
i−1,i−1eBD, and i−1,i−1eBP, satisfy the following properties

i−1,1eP ∈ ∩5
λ=1

(
iHB,S(

iqB,S,λ)
)

, i−1,i−1eBD ∈ ∩5
λ=1

(
iHB,S(

iqB,S,λ)
)

, i−1,i−1eBP ∈ ∩5
λ=1

(
iHB,S(

iqB,S,λ)
)

The above relations reveal that the three uncontrollable events of iSB belong to the
active even sets of all states of iSB. Thus, iSB does not restrict any of the 10 events.

Fourth, it is observed that there is only one uncontrollable event in the alphabet of
i,1SD, being the event i+1,1eP, where i+1,1eP ∈ ∩2

λ=1
(i,1HD,S(

i,1qD,S,λ)
)
. The above relation

reveals that the uncontrollable event of i,1SD belongs to the active even sets of all states
of i,1SD. Thus, i,1SD does not restrict any of the 10 events. Fifth, it is observed that there
is only one uncontrollable event in the alphabet of i,2SD, being the event i−1,2eP where
i−1,2eP ∈ ∩2

λ=1
(i,2HD,S(

i,2qD,S,λ)
)
. The above relation reveals that the uncontrollable event

of i,2SD belongs to the active even sets of all states of i,2SD. Thus, i,2SD does not restrict
any of the 10 events. Sixth, it is observed that there is only one uncontrollable event in the
alphabet of i,jS, where j ∈ J(i), being the event i,jeu where i,jeu ∈ ∩3

λ=1
(i,jHS(

i,jqS,λ)
)
. The

above relation reveals that the uncontrollable event of i,jS belongs to the active even sets
of all states of i,jS. Thus, i,jS does not restrict any of the 10 events. Hence, according to
Corollary 1 in [17], all supervisors are PR with respect to iGR||iG||i−1G||i,1G||i,2G, through
(36). �

Remark 1. The proof of the physical realizability for U1 is similar to the one of Ui, for i ∈
{2, . . . , n}, if the events of the loading docks are considered, i.e., if the events eI and eO are used
instead of the events i,i−1eBP and i,i−1eBD in the proof of Theorem 1.
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Theorem 2. The synchronous product in (38) is physically realizable (PR) with respect to
n+1GR||nG

m
||

j=1

n+1,jG.

Proof of Theorem 2. The uncontrollable events of the automaton n+1GR||nG
m
||

j=1

n+1,jG are

the m uncontrollable events of the last m production stations, i.e., the events i,jeu where
j ∈ {1, . . . , m} and the monitoring events of the adjacent control units considered as
uncontrollable events. The monitoring events are the events n,1eP, n,2eP, n,neBD, and n,neBP.
Here, it will be investigated if each supervisor of Un+1 is able to restrict these m + 4 events.
To this end, first, it is observed that all event of n+1SR are controllable. Thus, n+1SR does
not restrict any of the m + 4 events. Second, it is observed that the uncontrollable events
in the alphabet of n+1SB, being the events n,1eP, n,neBD and n,neBP, satisfy the following
properties:

n,1eP ∈ ∩5
λ=1

(
n+1HB,S(

iqB,S,λ)
)

, n,neBD ∈ ∩5
λ=1

(
n+1HB,S(

iqB,S,λ)
)

, n,neBP ∈ ∩5
λ=1

(
n+1HB,S(

iqB,S,λ)
)

The above relations reveal that the three uncontrollable events of n+1SB belong to
the active even sets of all states of n+1SB. Thus, n+1SB does not restrict any of the m + 4
events. Third, it is observed that there is only one uncontrollable event in the alphabet
of n+1,2SD, being the event n,2eP where n,2eP ∈ ∩2

λ=1
(n+1,2HD,S(

n+1,2qD,S,λ)
)
. The above

relation reveals that the uncontrollable event of n+1,2SD belongs to the active even sets
of all states of n+1,2SD. Thus, n+1,2SD does not restrict any of the m + 4 events. Fourth,
it is observed that there is only one uncontrollable event in the alphabet of n+1,jS, being
the event n+1,jeu where n+1,jeu ∈ ∩3

λ=1
(n+1,jHS(

n+1,jqS,λ)
)
. The above relation reveals that

the uncontrollable event of n+1,jS belongs to the active even sets of all states of n+1,jS.
Thus, n+1,jS does not restrict any of the m + 4 events. Hence, according to Corollary 1

in [17], all supervisors in (38) are PR with respect to n+1GR||nG
m
||

j=1

n+1,jG, through (38).

Since the uncontrollable alphabets of all supervisors are disjoint sets, the conjunction of all

supervisors is PR with respect to n+1GR||nG
m
||

j=1

n+1,jG, through (38). �

In the following two lemmas, a subautomaton of the synchronous product of the
automaton of the production station and one of the proposed supervisors, as well as a
subautomaton of the synchronous product of the automaton of the buffer and two of the
proposed supervisors, are presented. All states of these two subautomata will be proven to
be marked. Regarding subautomata, see [15,16].

Lemma 1. All states of the automaton i,jGc = i,jG||i,jS, for i ∈ {1, . . . , n + 1} and j ∈ J(i), are
marked states.

Proof of Lemma 1. For the automaton i,jGc it holds that

i,j f c
(
(i,jqS,1, i,jq1), e

)
= (i,jqS,1, i,jq1); e ∈ i,jẼ − i,jE, i,j f c

(
(i,jqS,1, i,jq1), i,jeD

)
= (i,jqS,2, i,jq2),

i,j f c
(
(i,jqS,2, i,jq2), i,jeu

)
= (i,jqS,3, i,jq3), i,j f c

(
(i,jqS,3, i,jq3), i,jeP

)
= (i,jqS,1, i,jq1)

where i,j f c(·, ·) is the transition function and i,jHc(·) is the set of the active events of the
automaton i,jGc. From the above it is observed that any pair of states, where the first
element is i,jq4 and the second is a state of i,jS, is not a state of i,jGc, in the sense that
this pair is non-accessible. The rest states of i,jG, i.e., the states i,jq1, i,jq2, and i,jq3, are all
marked. Furthermore, the states of i,jS are all marked. Thus, the proof has been completed.
�
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Corollary 1. The automaton i,jGc is a nonblocking automaton.

Before presenting the following lemma, it is important to mention that the alphabets
of the buffers contain events of the adjacent control units, controlling the buffer. Thus, the
controlled automaton of the buffer is a result of the joint action of the adjacent control units.

Lemma 2. All accessible states of the automaton iG, under the influence of the supervisors iS and
i+1SB, for i ∈ {1, . . . , n}, are marked states.

Proof of Lemma 2. First, the properties of the automaton iG||iS will be examined. Regard-
ing iG, it is observed that the arrival to the non-marked state iq4, having no transitions, can
be accomplished only by transitions from iq1, iq2, and iq3. Regarding iq1, the respective
transitions in iG||iS are

i f G||S
(
(iq1, iqS,1),

i+1,ieBP

)
= (iq4, iqS,1),

i f G||S
(
(iq1, iqS,2),

i+1,ieBP

)
= (iq4, iqS,2),

i f G||S
(
(iq1, iqS,4),

i+1,ieBP

)
= (iq4, iqS,4)

where i f G||S(·, ·) is the transition function of the automaton iG||iS. Regarding iq2, the re-
spective transition in iG||iS is i f G||S

(
(iq2, iqS,3), i+1,ieBD

)
= (iq4, iqS,3). Regarding iq3, the

respective transitions in iG||iS are i f G||S
(
(iq3, iqS,5), i+1,ieBD

)
= (iq4, iqS,5) and

i f G||S
(
(iq3, iqS,5), i+1,ieBP

)
= (iq4, iqS,5). At first, it is observed that iG||iS is a blocking

automaton, where all events provoking a transition to the non-marked state iq4 are events of
Ui+1. Next, the properties of iG||i+1SB will be examined. It is observed that the transitions
to the non-marked state iq4, from the state iq1, are

i f G||B
(
(iq1, iqB,S,1), i,ieBP

)
= (iq4, iqS,1), i f G||B

(
(iq1, iqB,S,2), i,ieBP

)
= (iq4, iqB,S,2),

i f G||B
(
(iq1, iqB,S,4), i,ieBP

)
= (iq4, iqB,S,4)

where i f G||B(·, ·) is the transition function of the automaton iG||i+1SB. The respective
transitions from iq2 are

i f G||B

(
(iq2, iqB,S,5), i,ieBP

)
= (iq4, iqB,S,5), i f G||B

(
(iq2, iqB,S,5), i,ieBD

)
= (iq4, iqB,S,5)

The transition from iq3 is i f G||B
(
(iq3, iqB,S,3), i,ieBP

)
= (iq4, iqB,S,3). Thus, the automa-

ton iG||i+1SB is a blocking automaton, where all events provoking a transition to the
non-marked state iq4 are events of Ui. From the above it is concluded that the joint action
of the control units Ui and Ui+1 to iG restricts all transitions to iq4. Since, iq4 is the only
non-marked state of iG, it is concluded that iG, under the influence of the supervisors iS
and i+1SB, namely the resulting controlled automaton, has all its accessible states marked.
Clearly, the controlled automaton is a nonblocking automaton. �

From Lemma 2 it is concluded that the non-marked state of the automaton of the
buffer Bi is non-accessible, under the influence of the control actions imposed by Ui and
Ui+1. Define the automaton iG̃, being a subautomaton of iG and derived by removing
the single non-marked state iG and the corresponding transitions of iG. Clearly, the set
of the states of iG̃ is the set iQm. Using the present definition, the following synchronous
products, being subautomata of the controlled automata in (36) and (38), are derived

iG̃c =
iGR||i,1Gc||i,2Gc||iG̃||i−1G̃||iSR||iS||iSB||i,1SD||i,2SD, i ∈ {1, . . . , n} (49a)

n+1G̃c =
n+1GR||

(
m
||

j=1
(n+1,jGc)

)
||nG̃||n+1SR||n+1SB||n+1,2SD (49b)
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In the following two theorems, the property of nonblocking of iG̃c, where i =
{2, . . . , n}, and the nonblocking property of n+1G̃c will be proven. Following [15] (Section
4.9, p. 190), the proof will be accomplished by investigating if the controlled automaton
always has an active transition from any non-marked state to a marked state. Finally, a
remark, being the second remark of the present section, will cover the nonblocking property
of 1G̃c.

Theorem 3. The synchronous product in (49a), namely the controlled automaton iG̃c, where
i ∈ {2, . . . , n}, is a nonblocking automaton.

Proof of Theorem 3. For the proof of Theorem 3, see Appendix A. �

Remark 2. The proof of the nonblocking property of 1G̃c follows the one of Theorem 3, if the events
of the loading docks are considered, i.e., if the events eI and eO are used instead of the events i,i−1eBP
and i,i−1eBD in the proof of Theorem 3.

Theorem 4. The synchronous product in (49b), namely the controlled automaton n+1G̃c, is a
nonblocking automaton.

Proof of Theorem 4. For the proof of Theorem 4, see Appendix B. �

In the following theorem, the nonblocking property of the overall manufacturing
system will be proven.

Theorem 5. The automaton 1Gc||2Gc|| · · · ||n+1Gc is a nonblocking automaton.

Proof of Theorem 5. Consider the automata iGc and i+1Gc, where i ∈ {1, . . . , n}. Using
Lemma 1, the synchronous product iGc||i+1Gc of the two automata is expressed as follows:

iGc||i+1Gc = iGR||
(
|J(i)|
||

j=1

i,jGc

)
||iG||i−1G||iSR||iS||iSB||i,1SD||i,2SD||i+1GR||(

|J(i+1)|
||

j=1

i+1,jGc

)
||i+1G||iG||i+1SR||i+1S||i+1SB||i+1,1SD||i+1,2SD.

(50)

where | · | denotes the cardinality of the argument set. Using the supervisors i+1SB and
iS twice in the above formula, it is observed that the closed and the marked language of
iGc||i+1Gc are equal to the closed and the marked language of the automaton:

iGR||
(
|J(i)|
||

j=1

i,jGc

)
||iG||i−1G||iSR||iS||i+1SB||iSB||i,1SD||i,2SD||i+1GR||(

|J(i+1)|
||

j=1

i+1,jGc

)
||i+1G||iG||i+1SR||i+1S||i+1SB||iS||i+1,1SD||i+1,2SD.

(51)

Using the remarks before relation (49a,b), it is observed that the closed and the marked
behavior of the above automaton are equal to the closed and the marked behavior of the
following automaton:

iGR||
(
|J(i)|
||

j=1

i,jGc

)
||iG̃||i−1G||iSR||iS||i+1SB||iSB||i,1SD||i,2SD||i+1GR||(

|J(i+1)|
||

j=1

i+1,jGc

)
||i+1G||iG̃||i+1SR||i+1S||i+1SB||iS||i+1,1SD||i+1,2SD.

(52)
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Using (49a,b), it is observed that the closed and the marked behavior of 1Gc||2Gc|| · · · ||n+1Gc
are equal to the closed and the marked behavior of the subautomaton 1G̃c||2G̃c|| · · · ||n+1G̃c.
In Theorems 3 and 4, the nonblocking property of iG̃c, where i ∈ {1, . . . , n + 1}, has been
proved. Furthermore, in Theorems 1 and 2 it has been shown that all the events from
the adjacent control units are considered as uncontrollable events, and they are not re-
stricted by the respective supervisors. Thus, the supervisors of the control unit Ui do
not restrict the events of iG̃c, being common with i−1G̃c or i+1G̃c. Furthermore, iG̃c
does not have any common event with the rest automata. Thus, the nonblocking prop-
erty of iG̃c is not affected by the rest-controlled automata in the synchronous product
1G̃c||2G̃c|| · · · ||n+1G̃c. Hence, 1G̃c||2G̃c|| · · · ||n+1G̃c is a nonblocking automaton, and
consequently 1Gc||2Gc|| · · · ||n+1Gc is also a nonblocking automaton. �

In Theorems 1 and 2 and in Remark 1, the physical realizability of the supervisors
implemented in Ui with respect to the respective manufacturing devices related to Ui,
namely the devices Bi, Ri and Ci,j where j ∈ J(i), through the respective synchronous
products, has been proved. The events of the adjacent control units have been considered
as uncontrollable events and they cannot be restricted by Ui. The latter implies that the
events of Ui+1 used in Ui have not been restricted and vice versa. Thus, the PR property of
the synchronous product 1Gc||2Gc|| · · · ||n+1Gc is derived.

From relations (40) and (49), as well as the five theorems and the remarks, presented
above, it is concluded that the system performance of the controlled automaton iGc is
satisfactory for every i ∈ {1, . . . , n + 1}. Recall that the languages i,jK are prefix-closed
languages and i,j P̃−1(i,jK

)
⊆ i,jP−1 (L(i,jG)

)
, ∀i ∈ {1, . . . , n + 1}, and ∀j ∈ J(i), as well

as that the languages iKR are Lm(iGR)-closed (see Proposition 1) and iKR ⊆ Lm(iGR),
for every i ∈ {1, . . . , n + 1}. The satisfactory performance of the closed and the marked
behaviors of the controlled automata, i.e., the satisfactory performance of the languages
L(iGc) and Lm(iGc), for every i ∈ {1, . . . , n + 1}, is validated by the following relations:

L(iGc) = L(iG̃c) = iP−1
R

(
L(iGR) ∩ iP−1

R

(
iKR

))
∩ iP−1

(
L(iG̃)

)
∩ iP−1

B

(
L(i−1G̃)

)
∩

|J(i)|
∩

j=1

(
i,jP−1(L(i,jG)

)
∩ i,j P̃−1

(
i,jK

))
∩ i P̃−1

(
iK
)
∩ i P̃−1

B

(
iKB

)
∩

2
∩

j=1

(
i,jP−1

D

(
i,jKD

))
=

= iP−1
R

(
iKR

)
∩ i P̃−1

(
iK
)
∩ i P̃−1

B

(
iKB

)
∩

2
∩

j=1

(
i,jP−1

D

(
i,jKD

))
∩
|J(i)|
∩

j=1
i,j P̃−1

(
i,jK

)
,

(53a)

Lm(iGc) = Lm(iG̃c) = iP−1
R

(
Lm(iGR) ∩ iP−1

R

(
iKR

))
∩ iP−1

(
Lm(iG̃)

)
∩ iP−1

B

(
Lm(i−1G̃)

)
∩

|J(i)|
∩

j=1

(
i,j P̃−1

(
i,jK

)
∩ i,jP−1 (Lm(i,jG)

))
∩ i P̃−1

(
iK
)
∩ i P̃−1

B

(
iKB

)
∩

2
∩

j=1

(
i,jP−1

D

(
i,jKD

))
=

= iP−1
R
(iKR

)
∩ i P̃−1(iK

)
∩ i P̃−1

B
(iKB

)
∩

2
∩

j=1

(
i,jP−1

D
(i,jKD

))
∩
(
|J(i)|
∩

j=1
i,j P̃−1(i,jK

))
,

(53b)

where for the derivation of the above relations, the relations i P̃−1(iK
)
⊆ iP−1

(
Lm(iG̃)

)
and i P̃−1

B
(iK

)
⊆ iP−1

B

(
Lm(i−1G̃)

)
have been used.

7. Simulation Results

To illustrate the performance of the closed and marked behaviors of the controlled
automata of the proposed control scheme, simulation results for the controlled automata of
the overall wafer manufacturing system will be presented. Consider the case of the wafer
manufacturing process where n = 4 and m = 3. In addition, consider the case where the
following concatenation of events took place:

eI
1,1eD

1,1eP
1,1eu

1,1eP
1,1eD

1,1eBDeI
2,1eBP

1,1eD
2,1eD

1,1eu
1,1eP

2,1eu
2,1eP

1,1eP
2,1eBD

1,1eBD
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The above event concatenation corresponds to a sequence of operation commands
appropriately enriched with sensor signals. To interpret the above word, appropriate
prefixes of the word will be analyzed. First, consider the prefix eI

1,1eD
1,1eP. This prefix

is analyzed as follows: R1 is commanded to pick a product from the loading dock; R1
is commanded to drop the product to C1,1; then, R1 is commanded to pick the product
from C1,1. The latter command would lead C1,1 to malfunction, but the supervisor 1,1S has
disactivated this command. Thus, the supervisor allows the station to manufacture the
dropped product and the sensor signal, indicating that C1,1 finished the manufacturing
of the product, to take place. Thus, the prefix eI

1,1eD
1,1eP

1,1eu has been interpreted. Con-
tinuing, the prefix eI

1,1eD
1,1eP

1,1eu
1,1eP

1,1eD
1,1eBD is analyzed as follows: After the sensor

signal, indicating that C1,1 finished the manufacturing of the product, R1 is commanded
to pick the product from C1,1. After, R1 is commanded to drop the product again to C1,1.
However, the latter command is disabled by the supervisors 1S and 1SR. So, the next
command, namely the command to drop the product to B1, is executed. Continuing with
the prefix eI

1,1eD
1,1eP

1,1eu
1,1eP

1,1eD
1,1eBDeI

2,1eBP
1,1eD

2,1eD, the remaining commands of
the prefix are analyzed as follows: R1 is commanded to pick another product from the
loading dock; R2 is commanded to pick a product from B2; R1 is commanded to drop a
product to C1,1; R2 is commanded to drop a product to C2,1. Since C1,1 has already finished
the manufacturing of the product, R1 is commanded to pick the product from C1,1, but
the supervisor 1,1SD has disactivated the command 1,1eP till C2,1 is empty. Thus, the prefix
eI

1,1eD
1,1eP

1,1eu
1,1eP

1,1eD
1,1eBDeI

2,1eBP
1,1eD

2,1eD
1,1eu has been interpreted. After C2,1 fin-

ished the manufacturing of the product, the remaining commands of the whole word are
interpreted as follows: R2 is commanded to pick a product from C2,1, R1 is commanded to
pick a product from C1,1, R2 is commanded to drop a product to B2, and R1 is commanded
to drop a product to B1.

In Table 1, the influence of the previous events concatenation to the automata of the
overall controlled wafer manufacturing system are presented. In the first column of Table 1,
the events that take place are presented. In the next six columns of Table 1, the current
states of the automata of the robotic systems R1 and R2, the production stations C1,1 and
C2,1, and the buffers B1 and B2 are presented.

Table 1. Simulation of the wafer manufacturing process for a sequence of events.

Event Robot R1 Robot R2 Station C1,1 Station C2,1 Buffer B1 Buffer B2

- 1qR,1
2qR,1

1,1q1
2,1q1

1q1
2,1q1

eI
1qR,2

2qR,1
1,1q1

2,1q1
1q1

2,1q1

1,1eD
1qR,1

2qR,1
1,1q2

2,1q1
1q1

2,1q1
1,1eP

1qR,1
2qR,1

1,1q2
2,1q1

1q1
2,1q1

1,1eu
1qR,1

2qR,1
1,1q3

2,1q1
1q1

2,1q1

1,1eP
1qR,2

2qR,1
1,1q1

2,1q1
1q1

2,1q1
1,1eD

1qR,2
2qR,1

1,1q1
2,1q1

1q1
2,1q1

1,1eBD
1qR,1

2qR,1
1,1q1

2,1q1
1q2

2,1q1

eI
1qR,2

2qR,1
1,1q1

2,1q1
1q2

2,1q1

2,1eBP
1qR,2

2qR,2
1,1q1

2,1q1
1q1

2,1q1

1,1eD
1qR,1

2qR,2
1,1q2

2,1q1
1q1

2,1q1

2,1eD
1qR,1

2qR,1
1,1q2

2,1q2
1q1

2,1q1

1,1eu
1qR,1

2qR,1
1,1q1

2,1q2
1q1

2,1q1
1,1eP

1qR,1
2qR,1

1,1q3
2,1q2

1q1
2,1q1

2,1eu
1qR,1

2qR,1
1,1q3

2,1q3
1q1

2,1q1

2,1eP
1qR,1

2qR,2
1,1q3

2,1q1
1q1

2,1q1



Sensors 2023, 23, 4545 28 of 38

Table 1. Cont.

Event Robot R1 Robot R2 Station C1,1 Station C2,1 Buffer B1 Buffer B2

1,1eP
1qR,2

2qR,2
1,1q3

2,1q1
1q1

2,1q1

2,1eBD
1qR,2

2qR,1
1,1q3

2,1q1
1q1

2,1q2

1,1eBD
1qR,1

2qR,1
1,1q3

2,1q1
1q2

2,1q2

The colored rows in Table 1 indicate that an event that was restricted by the supervisors
took place. According to the third row, the event 1,1eP has been restricted to take place
by the supervisor 1,1S. According to the sixth row, the event 1,1eD has been restricted to
take place by the supervisors 1S and 1SR. Finally, according to the 13th row, the event 1,1eP
has been restricted to take place by the supervisor 1,1SD. The event 1,1eP will not provoke
a transition in the system until the event 2,1eP takes place that empties the production
machine C2,1. As already mentioned in Section 3, the supervisor 1,1SD is not included in
the supervisory control scheme proposed in [7]. However, the decentralized architecture
proposed in [7] guarantees that if there are free slots (buffers and/or production machines),
after C1,1 and B1, then the product will eventually move on; a possible malfunction in the
production machine C2,1 may cause product blocking in the buffer B1.

8. Complexity of the Control Architecture

The complexity of an automaton is described by the triad including the number
of states, the number of events, and the number of transitions of the automaton; in-
dicatively, see [21–23]. The complexity triads of i,1S and i,2S, where i ∈ {1, . . . , n},
are equal to (3, 4, 6). The complexity triad of iS, where i ∈ {1, . . . , n}, is equal to
(5, 6, 18). The complexity triad of iSB, where i ∈ {2, . . . , n + 1}, is equal to (5, 6, 18).
The complexity triad of i,1SD, where i ∈ {1, . . . , n}, is equal to (2, 2, 3). The com-
plexity triad of i,2SD, where i ∈ {2, . . . , n + 1}, is (2, 2, 3). The complexity triad of
iSR, where i ∈ {1, . . . , n}, is (5, 8, 8). The complexity triad of the supervisor n+1SR is
(m + 2, 2m + 2, 2m + 2). Regarding the supervisors n+1,1SD, 1, 2SD, n+1S, and 1SB, it is
mentioned that is not necessary to be realized. Hence, the total complexity triad of all su-
pervisors in U1 is computed to be (18, 24, 39). The total complexity triad of all supervisors
in Ui, where i ∈ {2, . . . , n}, is computed to be (25, 32 , 50). Similarly, the total complexity
triad of all supervisors in Un+1 is computed to be (4m + 9, 6m + 10, 8m + 23). Hence, the
total complexity of the proposed distributed supervisor design scheme is computed to be
(25n + 4m + 2, 32n + 6m + 2, 50n + 8m + 12). It is mentioned that the total complexity of
the proposed supervisory scheme is linear with respect to the number of robots and the
number of stations. It is also mentioned that the complexity of the present wafer manufac-
turing process is equal to (10n + 4m + 4, 15n + 5m + 4, 27n + 9m + 4). In comparison to
the complexity of the wafer manufacturing process, it is observed that the complexity of
the supervisor scheme proposed here is of analogous order of size.

9. Implementation of the Distributed Supervisor Architecture

The problem of implementation of modular supervisory control schemes in PLCs is
tackled in many articles; see [24,25]. In [21,22], the implementation of various modular
supervisory control schemes to real-time industrial controllers, e.g., PLCs, has been pre-
sented using ladder diagrams following the international standard IEC 61131–3 (2013).
The distributed supervisory architecture proposed here can be easily implemented follow-
ing the directions of [22]. More specifically, each local control unit implements a specific
number of supervisors with predefined complexity. The supervisors of each local control
unit can be realized either by classic ladder diagrams or by function blocks using lad-
der diagrams or languages based on structured text. It is important to mention that, as
shown in Section 5, many supervisors share a common structure. Hence, they can be easily
implemented in the event-driven architecture of the IEC 61499 function blocks [26] with
parametric input/output signals [27]. The above characteristic of the supervisory control
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architecture, proposed here, facilitates the implementation of the supervisors as they can
easily be programmed in function blocks by developing one library for each supervisor.
Clearly, for any possible extension of the manufacturing process, the respective control
scheme can easily be implemented using these libraries.

In order to reveal the implementability of the present results, the supervisors em-
bedded in Ui are implemented, using the IEC 61131-3 (2013) [28] ladder diagram (LD)
framework, shown in Figures 18–22. The implementation is based on the respective state
diagrams presented in Section 4. The ease of implementability of the present scheme is
based on the explicit design of small-size supervisor automata. This is an advantage of the
present results. In Figures 18–22 the numbers at the side of each block, named rung, denote
the transitions of each state.
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As mentioned in Section 4, the state diagrams of 1,1S, i,2S, and n+1,jS, where i ∈
{1, . . . , n} and j ∈ {1, . . . , m}, have the same structure as the state diagram of i,1S. Hence,
the LDs of 1,1S, i,2S, and n+1,jS, where i ∈ {1, . . . , n} and j ∈ {1, . . . , m}, have the same
structure as the state diagram of i,1S in Figure 18. Similarly, the LD of i,2SD, where
i ∈ {2, . . . , n + 1}, has the same structure as the LD of i,1SD in Figure 19. Finally, it is
mentioned that the LDs of 1SR and n+1SR have the same structure as the LD of iSR in
Figure 22.

According to [29], a distributed control architecture cannot be viewed only in a geo-
graphical point of view but also regarding the functionality of the system’s components.
In order to impose the desired control actions [30], the control units of a distributed archi-
tecture communicate with each other and possibly with other external units. In Industry
4.0, the most common network for the interconnection of the distributed controllers is the
ethernet network for Supervisory Control and Data Acquisition (SCADA) and Manufactur-
ing Execution System (MES), which connects controllers, machines, and systems ([29–31]).
Regarding PLC communication, a widely used network is the OPC UA as well as the
Modbus protocol (see [32,33]). In the present control architecture, the resources of the
control unit of each robotic manipulator are the signals of the previous and the next robotic
manipulator as well as the two uncontrollable events (signals) of the production machines.



Sensors 2023, 23, 4545 31 of 38

All these signals, together with the commands of the respective robotic manipulator, are
the signals used by the respective control unit and required from the design specifications
of the supervisors implemented in the control unit.

The control implementation directions, proposed above, facilitate the development of a
control software tool that is dedicated to wafer manufacturing industries with no limitation
to the number of vacuum chambers and consequently the number of robotic manipulators.
The software offers itself for newly installed or extended wafer manufacturing plants. This
can be accomplished due to the parametric and distributed structure of the control scheme.
In simple words, the implementation is accomplished by embedding a copy of the local
control software to any additional control unit. Therefore, the work of the programmer is
limited mainly to the assignment of the parameters of the local control function blocks.

10. Conclusions

A modular parametric discrete event model with respect to the number of production
stations, the number of buffers, and the number of robotic manipulators has been developed
for a wafer manufacturing system. The parametric model has been built in a way that
provides a clear direction towards the modelling of the continuously expandable wafer
production industry. A set of desired specifications has been imposed in the form of five
rules. A comparison between the proposed rules and those of the literature has been
presented. Next, the desired specifications have been translated and decomposed to a set
of local regular languages, one set per robotic manipulator.

A distributed supervisory control architecture has been developed based on the local
regular languages. In the proposed architecture, a set of local supervisors is designed
for each robotic manipulator with appropriate signal resources shared between adjacent
control units.

Here, the PR properties of the developed supervisors have been proved regarding the
total automaton of the system. The nonblocking property of the proposed architecture has
been guaranteed. Finally, implementation issues have been tackled, and the complexity of
the distributed architecture has been determined in a parametric formula.

The extension of the modelling and the distributed supervisory control architecture to
wafer manufacturing systems with a parametric number of production stations served by
the same robotic manipulator is currently under investigation. In addition, diagnosis and
fault tolerance issues of the wafer manufacturing systems are under investigation. First,
the fault tolerance characteristics of the proposed control scheme will be investigated in
the cases of sensors and actuator faults as well as the resilience of the control scheme in
the presence of cyberattacks. Second, extensions of the proposed control scheme towards
improving tolerance will be investigated. Third, the enrichment of the proposed control
scheme with appropriately designed observers is expected to contribute to a satisfactory
solution of the diagnosis problem.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s23094545/s1, Table S1: List of Acronyms; Table S2: List of
symbols.

Author Contributions: Conceptualization, F.N.K. and D.G.F.; methodology, F.N.K. and D.G.F.; val-
idation, F.N.K.; investigation, D.G.F. and P.G.; resources, D.G.F.; data curation, D.G.F. and P.G.;
writing—original draft preparation, F.N.K. and D.G.F.; writing—review and editing, D.G.F. and P.G.;
supervision, F.N.K.; project administration, F.N.K. and D.G.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is contained within the article and Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/s23094545/s1
https://www.mdpi.com/article/10.3390/s23094545/s1


Sensors 2023, 23, 4545 32 of 38

Appendix A

Proof of Theorem 3. Any state of iG̃c is of the following 12-tuple form:

(iqR, i,1q, i,2q, iq, i−1q, iqR,S, i,1qS, i,2qS, iqS, iqB.S, i,1qD,S, i,2qD,S) ∈
iQR × i,1Q × i,2Q × iQm × i−1Qm × iQR,S × i,1QS × i,2QS × iQS × iQB.S × i,1QD,S × i,2QD,S.

It is important to mention that all states of the supervisors in (49a) are marked states.
Regarding the automata i,1Gc, i,2Gc, iG̃, and i−1G̃, it is noted that according to Lemma 1
and Lemma 2, all of their states are marked. Thus, the characteristic of a state of iG̃c to be
or not be a marked state depends entirely upon the respective element of the 12-tuple state,
being a state of iGR. Hence, for iG̃c to be a nonblocking automaton, it suffices to prove that

iHc

(
(iqR, i,1q, i,2q, iq, iqR,S, i,1qS, i,2qS, iqS, i+1qS, iqB.S, i,1qD,S, i,2qD,S)

)
∩ iHR(

iqR,2) 6= ∅

where iHc(·) is the active event set per state of iG̃c, and iHR(
iqR,2) = {i,1eD, i,2eD, i,i−1eBD, i,ieBD}.

In other words, it suffices to prove that when the robotic manipulator picks a product,
i.e., the automaton iGR is in the state iqR,2, then a drop event is always in the active event
set of the state of iG̃c, having as an element the state iqR,2, to guarantee that the robotic
manipulator has the ability to drop the product, and consequently the automaton iGR is
able to return to the marked state iqR,1.

The alphabet of iSR is iER. Hence, it holds that iGR||iSR = iGR × iSR, where “×”
denotes the product of two automata (see [16]). Thus, according to the product definition, it
holds that iHR||S

(
(iqR, iqR,S)

)
= iHR(

iqR) ∩ iHR,S(
iqR,S), where iHR||S is the active event

set of the automaton iGR||iSR. Since iHR,S(
iqR,S) ⊆ iHR(

iqR), it is observed that the
following equality holds true: iHR||S

(
(iqR, iqR,S)

)
= iHR,S(

iqR,S). The transition of iGR

from iqR,1 to iqR,2 can be accomplished only through a pick event, i.e., an event of the
set {i,1eP, i,2eP, i,i−1eBP, i,ieBP}. In what follows, the restrictions of the supervisors and the
automata i,1Gc, i,2Gc, iG̃, and i−1G̃ to all possible transitions from iqR,2 to iqR,1 will be
investigated by considering four different cases, for the arrival from iqR,1 to iqR,2. Taking
into account the accessible states of the synchronous product in (49a), it is observed that if
iGR is in its initial state iqR,1, then iSR is in its initial state iqR,S,1. Thus, the transitions from
iqR,1 to iqR,2 through a pick event corresponds to the transition of iSR from iqR,S,1 to the
respective one of the supervisor’s rest four states. Based on this property, the four cases
will be presented.

Case 1: The transition from the initial state iqR,1 to iqR,2, through the event i,1eP is
investigated. Regarding iGR||iSR, it is observed that if the event i,1eP takes place, then iGR
arrives at iqR,2 and iSR arrives at iqR,S,3. Note that iHR,S(

iqR,S,3) = {i,ieBD}; thus, it holds
that iHR||S(

iqR,2, iqR,S,3) = {i,ieBD}. Regarding the rest supervisors, i.e., the supervisors
iSB, i,1SD, and i,2SD, it is observed that their alphabets do not contain the event i,ieBD.
Regarding the automata i,1Gc, i,2Gc, and i−1G̃, it is observed that their alphabets do not
contain the event i,ieBD. Thus, these supervisors and the automata i,1Gc, i,2Gc, and i−1G̃
do not restrict the transitions of the synchronous product in (49a) through the event i,ieBD.
From Figure 13, it is observed that if iS is in iqS,1, then if the event i,1eP takes place, then
the supervisor iS arrives at iqS,2. Clearly, it holds that iHS(

iqS,2) = {i,ieBD}. Regarding iG̃,
it is mentioned that its alphabet contains the event i,ieBD. From Figure 3, it is observed that
if iG̃ is in iq1, then if the event i,1eP takes place, then iG̃ stays in iq1. Clearly, it holds that
iH(iq1) = {i,ieBD}. Regarding iGR||iG̃||iSR||iS, it holds that

iHc

(
iqR,2, iqR,S,3, iq1, iqS,2

)
= iHR||S

(
(iqR,2, iqR,S,3)

)
∩ iH(iq1) ∩ iHS(

iqS,2) = {i,ieBD}

Thus, the transition of iGR from iqR,2 to iqR,1 is feasible through i,ieBD. If iG̃ or iS are
not in iq1 or iqS,1, respectively, i.e., it is in a state where the event i,1eP is not an active event,
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then no transition of the synchronous product iGR||iG̃||iSR||iS will take place through the
event i,1eP, and consequently iGR will be in the marked state iqR,1.

Case 2: The transition from the initial state iqR,1 to iqR,2 through the event i,2eP is
investigated. Regarding iGR||iSR, it is observed that if the event i,2eP takes place, then
iGR arrives at iqR,2 and iSR arrives at iqR,S,5. Note that iHR,S(

iqR,S,5) = {i,i−1eBD}; thus,
it holds that iHR||S

(
(iqR,2, iqR,S,5)

)
= {i,i−1eBD}. Regarding the rest supervisors, i.e., the

supervisors iS, i,1SD, and i,2SD, it is observed that their alphabets do not contain the event
i,i−1eBD. Regarding the automata i,1Gc, i,2Gc, and iG̃, it is observed that their alphabets do
not contain the event i,ieBD. Thus, these supervisors and the automata i,1Gc, i,2Gc, and iG̃
do not restrict the transitions of the synchronous product in (49a) through the event i,i−1eBD.
From Figure 13, it is observed that if iSB is in iqS,B,1, then if the event i,i−1eBD takes place,
then the supervisor iSB arrives at iqB,S,4. Clearly, it holds that iHB,S(

iqB,S,4) = {i,i−1eBD}.
Regarding i−1G̃, it is mentioned that its alphabet contains the event i,i−1eBD. From Figure 3,
it is observed that if i−1G̃ is in iq1, then if the event i,2eP takes place, then i−1G̃ stays in iq1.
Clearly, it holds that i−1H(i−1q1) = {i,i−1eBD}. Regarding iGR||i−1G̃||iSR||iSB, it holds
that

iH iGR ||i−1G̃||iSR ||iSB

(
iqR,2, iqR,S,5, i−1q1, iqB,S,4

)
= iHR||S

(
(iqR,2, iqR,S,5)

)
∩ i−1H(i−1q1) ∩ iHB(

iq1, iqB,S,4) = {i,i−1eBD}

where iHiGR||i−1G̃||iSR||iSB
(·, ·, ·, ·) denotes the active event sets of the states of iGR||i−1G̃||iSR||iSB.

Thus, the transition of iGR from iqR,2 to iqR,1, under the influence of i−1G̃, iSR and iSB,
is feasible through i,i−1eBD. If i−1G̃ is not in i−1q1 or iSB is not in iqB,S,4, the automaton
iGR||i−1G̃||iSR||iSB is in a state where the event i,2eP is not an active event and no transition
of iGR||i−1G̃||iSR||iSB will take place, through the event i,2eP. Consequently iGR will be
in the marked state iqR,1.

Case 3: The transition from the initial state iqR,1 to iqR,2 through the event i,i−1eBP
is investigated. Regarding iGR||iSR, it is observed that if the event i,i−1eBP takes place,
then iGR arrives at iqR,2 and iSR arrives at iqR,S,2. Note that iHR,S(

iqR,S,2) = {i,1eD}; thus,
it holds that iHR||S

(
(iqR,2, iqR,S,2)

)
= {i,1eD}. Regarding the rest supervisors, i.e., the

supervisors iS, iSB, i,1SD, and i,2SD, it is observed that their alphabets do not contain the
event i,1eD. Regarding the automata i,2Gc, iG̃, and i−1G̃, it is observed that their alphabets
do not contain the event i,1eD. Thus, these supervisors and the automata i,2Gc, iG̃, and i−1G̃
do not restrict the transitions of the synchronous product in (49a) through the event i,1eD.
Regarding i,1Gc, it is mentioned that its alphabet contains the event i,1eD. From Figure 2,
it is observed that if i,1Gc is in (i,1q1, i,1qS,1), then if the event i,i−1eBP takes place, then
i,1Gc stays at (i,1q1, i,1qS,1). Clearly, it holds that i,1Hc

(
(i,1q1, i,1qS,1)

)
= {i,1eD}. Regarding

iGR||i,1Gc||iSR, it holds that

iHc

(
iqR,2, iqR,S,2, (i,1q1, i,1qS,1)

)
= iHR||S

(
(iqR,2, iqR,S,2)

)
∩ i,1Hc

(
(i,1q1, i,1qS,1)

)
= {i,1eD}

Thus, the transition of iGR from iqR,2 to iqR,1 is feasible through i,1eD. If i,1Gc is not
in (i,1q1, i,1qS,1), i.e., it is in a state where the event i,i−1eBP is not an active event, then no
transition of the synchronous product iGR||i,1Gc||iSR will take place through the event
i,i−1eBP, and consequently iGR will be in the marked state iqR,1.

Case 4: the transition from the initial state iqR,1 to iqR,2 through the event i,ieBP is
investigated. Regarding iGR||iSR, it is observed that if the event i,ieBP takes place, then iGR
arrives at iqR,2 and iSR arrives at iqR,S,4. Note that iHR,S(

iqR,S,4) = {i,2eD}; thus, it holds
that iHR||S

(
(iqR,2, iqR,S,4)

)
= {i,2eD}. Regarding the rest supervisors, i.e., the supervisors

iS, iSB, i,1SD, and i,2SD, it is observed that their alphabets do not contain the event i,2eD.
Regarding the automata i,1Gc, iG̃, and i−1G̃, it is observed that their alphabets do not
contain the event i,2eD. Thus, these supervisors and the automata i,1Gc, iG̃, and i−1G̃ do
not restrict the transitions of the synchronous product in (49a) through the event i,2eD.
Regarding i,2Gc, it is mentioned that its alphabet contains the event i,2eD. From Figure 2,
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it is observed that if i,2Gc is in (i,2q1, i,2qS,1), then if the event i,ieBP takes place, then i,2Gc
stays at (i,2q1, i,2qS,1). Clearly, it holds that i,2Hc

(
(i,2q1, i,2qS,1)

)
= {i,2eD}. Regarding

iGR||i,2Gc||iSR, it holds that

iHc

(
iqR,2, iqR,S,4, (i,2q1, i,2qS,1)

)
= iHR||S

(
(iqR,2, iqR,S,4)

)
∩ i,2Hc

(
(i,2q1, i,2qS,1)

)
= {i,2eD}

Thus, the transition of iGR from iqR,2 to iqR,1 is feasible through i,2eD. If i,2Gc is not in
(i,2q1, i,2qS,1), respectively, i.e., it is in a state where the event i,ieBP is not an active event,
then no transition of the synchronous product iGR||i,2Gc||iSR will take place through the
event i,ieBP, and consequently iGR will be in the marked state iqR,1.

From the above four cases, it is concluded that if a pick event takes place, then if the
transition through a pick event is allowable by the synchronous product in (49a), then the
automaton iGR will arrive at the non-marked state iqR,2. The return from iqR,2 to iqR,1 is
always allowable through a drop event. Hence, iG̃c is a nonblocking automaton. �

Appendix B

Proof of Theorem 4. Any state of n+1G̃c is of the following 2m + 7-tuple form

(n+1qR, (n+1,1q, n+1,1qS), . . . , (n+1,mq, n+1,mqS), nq, n+1qR,S, n+1qB,S, n+1,2qD,S) ∈
n+1QR × (n+1,1Q × n+1,1QS)× · · · × (n+1,mQ × n+1,mQS)× nQm × n+1QR,S × n+1QB,S × n+1,2QD,S

It is important to mention that all states of the supervisors are marked states. According
to Lemma 1 and Lemma 2, it is mentioned that all states of the automata n+1,1Gc to n+1,mGc
and nG̃ are marked. Thus, the characteristic of a state of n+1G̃c to be or not be a marked
state depends entirely upon the state of n+1GR. Hence, for n+1G̃c to be a nonblocking
automaton, it suffices to prove that

n+1Hc

(
n+1qR, (n+1,1q, n+1,1qS), . . . , (n+1,mq, n+1,mqS), nq, n+1qR,S, n+1qB,S, n+1,2qD,S

)
∩ n+1HR(

n+1qR,2) 6= ∅

where n+1Hc(·) is the active event set per state of n+1G̃c, and n+1HR(
n+1qR,2) =

{n+1,1eD, n+1,2eD, . . . , n+1,meD, n+1,neBD}. In other words, it suffices to prove that when
the robotic manipulator picks a product, i.e., the automaton n+1GR is in the state n+1qR,2,
then a drop event is always in the active event set of the respective state of n+1G̃c, thus
allowing the robotic manipulator to drop the product and consequently the automa-
ton n+1GR to return to the marked state iqR,1. The alphabet of n+1SR is n+1ER. Thus,
n+1HR||S

(
(n+1qR, n+1qR,S)

)
= n+1HR(

n+1qR) ∩ n+1HR,S(
n+1qR,S), where n+1HR||S is the

active event set per state of n+1GR||n+1SR. Since n+1HR,S(
n+1qR,S) ⊆ n+1HR(

n+1qR), it is
observed that n+1HR||S

(
(n+1qR, n+1qR,S)

)
= n+1HR,S(

n+1qR,S). The transition of n+1GR

from n+1qR,1 to n+1qR,2 can be accomplished only through a pick event, i.e., an event of
the set {n+1,neBP, n+1,1eP, n+1,2eP, . . . , n+1,meP}. In what follows, the restrictions of the su-
pervisors in (49b) to all possible transitions from n+1qR,2 to n+1qR,1 in the synchronous
product (49b) will be investigated by considering all possible cases for the arrival from
n+1qR,1 to n+1qR,2. The number of the cases is five. Taking into account the accessible states
of the synchronous product in (49b), it is observed that if n+1GR is in its initial state n+1qR,1,
then n+1SR is also in its initial state n+1qR,S,1. Thus, the transition from n+1qR,1 to n+1qR,2,
through a pick event, corresponds to the transition of n+1SR from n+1qR,S,1 to one of each
m other states.

Case 1: The transition from the initial state n+1qR,1 to n+1qR,2 through the event n+1,1eP
is investigated. Regarding n+1GR||n+1SR, it is observed that if the event n+1,1eP takes place,
then n+1GR arrives at n+1qR,2 and n+1SR arrives at n+1qR,S,3. Note that n+1HR,S(

n+1qR,S,3) =
{n+1,3eD}; thus, it holds that n+1HR||S

(
(n+1qR,2, n+1qR,S,3)

)
= {n+1,3eD}. Regarding the su-

pervisors n+1SB and n+1,2SD, it is observed that their alphabets do not contain the event
n+1,3eD. Regarding the automata n+1,1Gc, n+1,3Gc to n+1,mGc, and nG̃, it is observed that
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their alphabets do not contain the event n+1,3eD. Thus, the supervisor n+1SB and n+1,2SD,
as well as the automata n+1,1Gc, . . . , n+1,mGc, and nG̃, do not restrict the transitions of
the synchronous product in (49b) through the event n+1,3eD. Regarding n+1,2Gc, it is ob-
served that its alphabet contains the event n+1,3eD. From Figure 2, it is observed that if
n+1,2Gc is in (n+1,2q1, n+1,2qS,1) and the event n+1,1eP takes place, then n+1,2Gc stays at
(n+1,2q1, n+1,2qS,1). Clearly, it holds that n+1,2Hc

(
(n+1,2q1, n+1,2qS,1)

)
= {n+1,3eD}. Regard-

ing n+1GR||n+1SR||n+1,2Gc, it holds that

n+1Hc

(
n+1qR,2, n+1qR,S,3, (n+1,2q1, n+1,2qS,1)

)
= n+1HR||S

(
(n+1qR,2, n+1qR,S,3)

)
∩ n+1,2Hc

(
(n+1,2q1, n+1,2qS,1)

)
= {n+1,3eD}

Hence, the transition of n+1GR from n+1qR,2 to n+1qR,1 is feasible through n+1,3eD. If
n+1,2Gc is not in (n+1,2q1, n+1,2qS,1), then it will be in a state where the event n+1,1eP is not an ac-
tive event and consequently no transition of the synchronous product n+1GR||n+1SR||n+1,2Gc
will take place through the event n+1,1eP. Subsequently the automaton n+1GR will be in
the marked state n+1qR,1.

Case 2: The transition from the initial state n+1qR,1 to n+1qR,2 through the event
n+1,2eP is investigated. Regarding n+1GR||n+1SR, it is observed that if the event n+1,2eP
takes place, then n+1GR arrives at n+1qR,2 and n+1SR arrives at n+1qR,S,m+2. Note that
n+1HR,S(

n+1qR,S,m+2) = {n+1,neBD}; thus, n+1HR||S
(
(n+1qR,2, n+1qR,S,m+2)

)
= {n+1,neBD}.

Regarding supervisor n+1,2SD, it is observed that its alphabet does not contain the event
n+1,neBD. Regarding the automata n+1,1Gc to n+1,mGc, it is observed that their alphabets do
not contain the event n+1,neBD. Thus, supervisor n+1,2SD and the automata n+1,1Gc, . . . .,
and n+1,mGc do not restrict the transitions of the synchronous product in (49b) through
the event n+1,neBD. From Figure 13, it is observed that if n+1SB is in nqS,B,1 and the
event n+1,2eP takes place, then the supervisor n+1SB arrives at n+1qB,S,2. Clearly, it holds
that n+1HB,S(

n+1qB,S,2) = {n+1,neBD}. Regarding nG̃, it is observed that its alphabet
contains the event n+1,neBD. From Figure 3, it is observed that if nG̃ is in nq1 and the event
n+1,2eP takes place, then nG̃ will stay in nq1. Clearly, it holds that nH(nq1) = {n+1,neBD}.
Regarding n+1GR||nG̃||n+1SR||n+1SB, it holds that

n+1Hc

(
n+1qR,2, n+1qR,S,m+2, nq1, n+1qB,S,4

)
= n+1HR||S(

n+1qR,2, n+1qR,S,m+2) ∩ nH(nq1) ∩ n+1HB(
n+1qB,S,4) = {n+1,neBD}

Hence, the transition of n+1GR from n+1qR,2 to n+1qR,1 is feasible through n+1,neBD.
If nG̃ is not in nq1 or n+1SB is not in n+1qB,S,1, both automata are in states where the
event n+1,2eP is not active and consequently no transition of the synchronous product
n+1GR||nG̃||n+1SR||n+1SB, will take place through n+1,2eP. Subsequently n+1GR will be in
the marked state n+1qR,1.

Case 3: The transition from the initial state n+1qR,1 to n+1qR,2 through n+1,jeP, where
j ∈ {3, . . . , m− 1}, is investigated. Regarding n+1GR||n+1SR, it is observed that if n+1,jeP
takes place, then n+1GR arrives at n+1qR,2 and n+1SR arrives at n+1qR,S,j+1. Note that
n+1HR,S(

n+1qR,S,j+1) = {n+1,j+1eD}. Hence, n+1HR,R(
n+1qR,2, n+1qR,S,j+1) = {n+1,j+1eD}.

Regarding the supervisors n+1SB and n+1,2SD, it is observed that their alphabets do not con-
tain the event n+1,j+1eD. Regarding the automata n+1,1Gc to n+1,j−1Gc,n+1,j+1Gc to n+1,mGc,
and nG̃, it is observed that their alphabets do not contain the event n+1,j+1eD. Thus, the
supervisors n+1SB and n+1,2SD, as well as the automata n+1,1Gc, . . . ,n+1,j−1Gc,n+1,j+1Gc,
. . . , n+1,mGc, and nG̃, do not restrict the transitions of the synchronous product in (49b)
through the event n+1,j+1eD. Regarding n+1,jGc, it is mentioned that its alphabet contains
the event n+1,j+1eD. From Figure 2, it is observed that if n+1,jGc is in (n+1,jq1, n+1,jqS,1) and
the event n+1,jeP takes place, then n+1,jGc will stay at (n+1,jq1, n+1,jqS,1). Clearly, it holds
that n+1,jHc

(
(n+1,jq1, n+1,jqS,1)

)
= {n+1,j+1eD}. Regarding n+1GR||n+1SR||n+1,jS, it holds

that

n+1Hc

(
n+1qR,2, n+1qR,S,j+1, (n+1,jq1, n+1,jqS,1)

)
= n+1HR||S

(
(n+1qR,2, n+1qR,S,j+1)

)
∩ n+1,jHc

(
(n+1,jq1, n+1,jqS,1)

)
= {n+1,j+1eD}
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Thus, the transition of n+1,jGc from n+1qR,2 to n+1qR,1 is feasible through n+1,j+1eD. If
n+1,jGc is not in (n+1,jq1, n+1,jqS,1), then n+1,jGc is in a state where the event n+1,jeP is not
active and no transition of the synchronous product n+1GR||n+1SR||n+1,jS will take place
through the event n+1,jeP, and consequently n+1GR will be in the marked state n+1qR,1.

Case 4: The transition from the initial state n+1qR,1 to n+1qR,2 through the event
n+1,meP is investigated. Regarding n+1GR||n+1SR, it is observed that if the event n+1,meP
takes place, then n+1GR arrives at n+1qR,2 and n+1SR arrives at n+1qR,S,m+1. Note that
n+1HR,S(

n+1qR,S,m+1) = {n+1,2eD}. Hence, n+1HR,R(
n+1qR,2, n+1qR,S,m+1) = {n+1,2eD}.

Regarding the supervisors n+1SB and n+1,2SD, it is observed that their alphabets do not
contain the event n+1,2eD. Regarding the automata n+1,1Gc, . . . ,n+1,m−1Gc, and nG̃, it
is observed that their alphabets do not contain the event n+1,2eD. Thus, the supervisors
n+1SB and n+1,2SD, as well as the automata n+1,1Gc, . . . ,n+1,m−1Gc, and nG̃, do not restrict
the transitions of the synchronous product in (49b) through the event n+1,2eD. Regarding
n+1,mGc, it is mentioned that its alphabet contains n+1,2eD. From Figure 2, it is observed that
if n+1,mGc is in (n+1,mq1, n+1,mqS,1) and the event n+1,meP takes place, then the supervisor
n+1,mGc will stay at (n+1,mq1, n+1,mqS,1). Clearly, it holds that n+1,mHc

(
(n+1,mq1, n+1,mqS,1)

)
= {n+1,2eD}. Regarding n+1GR||n+1SR||n+1,mGc, it holds that

n+1Hc

(
n+1qR,2, n+1qR,S,m+1, (n+1,mq1, n+1,mqS,1)

)
= n+1HR||S

(
(n+1qR,2, n+1qR,S,m+1)

)
∩ n+1,mHc

(
(n+1,mq1, n+1,mqS,1)

)
= {n+1,2eD}

Hence, the transition of n+1GR from n+1qR,2 to n+1qR,1 is feasible through n+1,2eD. If
n+1,mGc is not in (n+1,mq1, n+1,mqS,1), then it is in a state where the event n+1,meP is not
an active event and consequently no transition of n+1GR||n+1SR||n+1,mGc will take place
through the event n+1,meP. Subsequently, n+1GR will be in the marked state n+1qR,1.

Case 5: The transition from the initial state n+1qR,1 to n+1qR,2 through n+1,neBP is inves-
tigated. Regarding n+1GR||n+1SR, it is observed that if n+1,neBP takes place, then n+1GR
arrives at n+1qR,2 and n+1SR arrives at n+1qR,S,2. Note that n+1HR,S(

n+1qR,S,2) = {n+1,1eD}.
Hence, n+1HR||S

(
(n+1qR,2, n+1qR,S,2)

)
= {n+1,1eD}. Regarding the supervisors n+1SB and

n+1,2SD, it is observed that their alphabets do not contain the event n+1,1eD. Regarding the
automata n+1,2Gc to n+1,mGc and nG̃, it is observed that their alphabets do not contain the
event n+1,1eD. Thus, the supervisors n+1SB and n+1,2SD, as well as the automata n+1,1Gc
to n+1,mGc and nG̃, do not restrict the transitions of the synchronous product in (49b),
through the event n+1,1eD. Regarding n+1,1Gc, it is mentioned that its alphabet contains
the event n+1,1eD. From Figure 2, it is observed that if n+1,1Gc is in (n+1,1q1, n+1,1qS,1) and
the event n+1,neBP takes place, then n+1,1Gc will stay at (n+1,1q1, n+1,1qS,1). Clearly, it holds
that n+1,1Hc

(
(n+1,1q1, n+1,1qS,1)

)
= {n+1,1eD}. Regarding n+1GR||n+1SR||n+1,1Gc, it holds

that

n+1Hc

(
n+1qR,2, n+1qR,S,2, (n+1,1q1, n+1,1qS,1)

)
= n+1HR||S

(
(n+1qR,2, n+1qR,S,2)

)
∩ n+1,1Hc

(
(n+1,1q1, n+1,1qS,1)

)
= {n+1,1eD}

Hence, the transition of n+1GR from n+1qR,2 to n+1qR,1 is feasible through n+1,1eD. If
n+1,1Gc is not in (n+1,1q1, n+1,1qS,1), then it is in a state where the event n+1,neBP is not an ac-
tive event and consequently no transition of the synchronous product n+1GR||n+1SR||n+1,1Gc
will take place through the event n+1,neBP. Subsequently, n+1GR will be in the marked state
n+1qR,1.

From the above five cases it is concluded that if a pick event takes place, then if the
transition through a pick event is allowable by the synchronous product in (49b), then the
automaton n+1GR will arrive at the non-marked state n+1qR,2. The return from n+1qR,2
to n+1qR,1 is always allowable through a drop event. Hence, n+1G̃c is a nonblocking
automaton. �
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