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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 [34].
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

ie{l,...,n+1} (1a)

The i-th robotic manipulator is denoted by R;. It is important to mention that if
i€ {1,...,n}, then every R; serves two production stations, configured as a couple in the
production line, while if i = n + 1, then R; serves a parametric number of m € Z pro-
duction stations. The total number of production stations is equal to 21 + m. Furthermore,
each production station is indexed by the integers i and j, where

],EJ(I.);M:{ (1,2}, ifie{l,...,n} (1b)

{1,2,...,m}, ifi=n+1

According to (1b), the set J(7), 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 C; ;.
The number of buffers is equal to n. Each buffer is indexed by the integer v, where

ve{l,...,n} (1c)

The symbol B, represents the v-th buffer. The first loading dock is the input dock of
the process and is represented by L;,,. The second loading dock is the output dock of the
process and is represented by L.

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 Ry, Ry, R3, and Ry,
and three buffers, denoted by B1, B,, and Bs. The number of production stations is equal to
nine, and they are denoted by C; 1, C12, C21, C22, C31, C32, C41, Cy 0, and Cy3.

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) Ry to transfer products from L;, to Cy 1, from C; 1 and C; , to By, and from Cj » to Loyt,

(i) R;, wherei € {2,...,n}, to transfer products from C;; and C;, to B; and B;_, and
vice versa, i.e., from B; and B;_1 to C;1 and C;»,

(iii) Rj,41 to transfer products from Cy411, ... ,Cpi1,m to B, and vice versa.

Cn+1,3

Lin

C'n+1,m

L out

Cn+1,2

Figure 1. Drawing of the configuration of the wafer manufacturing system.

In the following subsections, the physical entities R;, Cij, By, Lin, and Loyt, composing
the production unit, will be modellgd by mathematical entities in DES forms. 'In particular,
the DES model of R; is denoted by 'Gg, the DES model of C; ; is denoted by /G, the DES

model of B, is denoted by IG, the DES model of L;, is denoted by Gj, and the DES model
of Loy is denoted by Go.

2.2. The Models of the Production Stations
The model of the production station C; ; is described by the 6-tuple

"G = (MQ,VE, Y f,H, Yxg, Q) @

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

“Q = {"g1,"q2,"q3," 94} 3)

The state /q; describes the case where there is no product at Cij and the station is in
idle mode (standby). The state */q, describes the case where there is a product at the station,
dropped by R;. The state /g5 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 R;.
The state /g, describes two malfunction cases. The first is the case where R; tried to pick a
product when there was no processed product at the station. The second is the case where
R; dropped a product to the station when there was a product at the station. Clearly, /g,
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describes a functional faulty situation. The initial state is Wxg="1 g1- The set of the marked
states of the automaton is /Q,, = {"/q1,"q2,"q3}.
The alphabet of the automaton is

R = {i/fepl i'feD,i'feu} (4)

The event “ep is the command to R; to pick a product from the station. The event
iiep is the command to R; to drop a product at the station. The event /e, takes place
when the processing of the product has been completed. The set of the controllable events
of the automaton is “E. = {i'f ep, e p}. Hence, the set of the uncontrollable events is
Wy = {¥e,}.

The values of the transition function of the automaton are:

f (a1, en) =gz, M f (M, eu) ="qs, M f (Ygs,ep) = g,
YfUan ep) =qa, Y f (Y2, ep) =gy, Y f(Yg2,Yep) = Yqa,
l']f(l']q?)f l']eD) = l']q4'
The active event sets of the automaton are:

"H("q1) = {"ep,"ep}, "H("q2) = {“lep,"ep, e}, "H("q3) = {"ep, ep}, H(Yq4) = @

The closed behavior of the automaton is

L("G) = (Wep'ie,iep)” (Vep + “ep(tep + Hep + e, liep)) (5)
and the marked behavior of the automaton is
Lm(i'jG) = (i']'eDi’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 IL(-) and Ly, (-), namely the closed and
the marked behavior of the argument automaton, see [7]. The automaton /G in (2) is a

blocking automaton, as L("/G) # L ("G). N
In Figure 2, the state diagram of */G is presented. The state diagram of /G is the same
as the state diagram of the model of the production station proposed in [4].

Figure 2. State diagram of the model of C; ;.

2.3. The Models of the Buffers
The model of B, is described by the 6-tuple

VG = (VQ/VE/ Vf/VH/ VxO/VQm) (7)
The set of the states of the automaton is

'Q ={"91,"92,"93," 94} 8)
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The state Vg, describes the case where the buffer is empty. The state Vg, describes the
case where there is a product at the buffer, dropped by R,. The state Vg3 describes the case
where there is a product at the buffer, dropped by R, ;1. The state Vg4 describes two faulty
cases. The first is the case where R, (or R, 1) tried to pick a product when the buffer was
empty. The second is the case where R, (or R, 1) dropped a product when the buffer was
full. The initial state of the automaton is Yxy = Yg1. The set of the marked states of the
automaton is Q. = {Y91,"92,"q3}-

The alphabet of the automaton is

1/+1,v€

VE = {"Yepp,""epD, SV Wepn} )

BP

The event VVepp is the command to R, to pick a product from B,. The event "Vepp is
the command to R, to drop a product to B,. The event v+1Vepp is the command to R, 1 to
pick a product from B,. The event v+1Vepr is the command to Ry 41 to drop a product to
B,. The set of the controllable events of the automaton is VE, = VE. Hence, the set of the
uncontrollable events is VE ;. = @.

The values of the transition functions of the automaton are:

VF(Yq1," epp) = "q2, "f(Yq1," T Vepp) = Va3, Vf (Y2, " epp) = Va1, V£ (Y3, " Vesp) = Va1,
VF(Yq, T epp) = Vs, VF(Yq1,"Vesp) = V44, Vf (Y2, " esp) = Yq4, " f (Y2, " esp) = Yq4, "f ("92," TV epp) = Vqa,
Vf<vq31V'veBD) — vq4’ Vf(vq3rv+l'veBP) — V‘M/ Vf(vqslerl,veBD) — VfM

The active event sets of the automaton are
"H("q1) = "H("q2) = "H("q3) = "E, "H("94) = @

The closed behavior of the automaton is

L('G) = ("epp"+1Wegp + VT lvegpiepp)™ (VWepp + VH1Vepp + "Wepp (VWepp + “Wepp + VT1Vepp) + v Vepp (Vepp + V1vepp + VHlvegp)) (10)

and the marked behavior of the automaton is

L., (VG) — (u,veBDerl,veBP 4 V+1’VEBDV’V€BP)* (11)
The automaton VG in (7) is a blocking automaton, as L(*G) # L, (YG).
In Figure 3, the state diagram of G is presented. The state diagram of G is the same
as the model of the buffer proposed in [4].

v,V v,V
€pp,  €pp,
v+1,v

€pp

Figure 3. State diagram of the model of B,.

2.4. The Models of the Loading Docks
The model of L;;, (input loading dock) is described by the 6-tuple

G = (Q Ep, fr, Hy, x50, Qpm) (12)
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The set of the states of the automaton is Q; = {g;1}. The state q; 1 is the only state of
the automaton. The initial state of the automaton is x; g = g1 1. The set of the marked states
is Qrm = {q11}-

The alphabet of the automaton is E; = {e;}. The event e; is the command to R; to
pick a product from L;,. The set of the controllable events is E; . = {e;}. Hence, the set
of the uncontrollable events is E; , = @. The transition function is f;(qr1,er) = qr,1. The
active event set is Hj(q;1) = {er}.

The closed behavior of the automaton is equal to the marked behavior of the automa-
ton, i.e,, L(Gj) = Ly (Gy) = ej. Thus, G in (12) is a nonblocking automaton. In Figure 4,
the state diagram of Gy is presented.

Figure 4. State diagram of the model of L;,.

€r

The model of Lo, (output loading dock) is described by the 6-tuple

GO = (QO/ EO/ fO/ HOr X0,0/ Qo,m) (13)

The set of the states of the automaton is Qo = {qo 1 }. The state g ; is the only state
of the automaton. The initial state of the automaton is xp g = g0,1. The set of the marked
states of the automaton is Qo ,, = {701 }-

The alphabet of the automaton is Ep = {ep}. The event eg is the command to Ry
to drop a product to Loyt. The set of the controllable events is Ep . = {ep}. Hence, the
set of the uncontrollable events is Eg . = @. The transition function of the automaton is
fo(qo1,e0) = qoa- The active events set is Hp(q0,1) = {eo}-

The closed behavior of the automaton is equal to the marked behavior of the automa-
ton, i.e, L(Gp) = L (Go) = ef. Thus, G in (13) is a nonblocking automaton. In Figure 5,
the state diagram of G is presented.

Figure 5. State diagram of the model of Loy;.

€o

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 R; is described by the 6-tuple

'Gr = ('Qr "Er, 'fr, 'Hg, 'xr0, ' Qr.m) (14)

The set of the states of the automaton is 'Qg = {1q R1/ 1q r2}. The state 1q r,1 describes

the case where the gripper of R; is empty. The state !qg » describes the case where a product
is gripped by R;. The initial state of the automaton is !xg g = 'gg 1. The set of the marked
states is Qg = {'qr1}-

The alphabet of the automaton is

1 11, 11, 12, 12, 11 1,1
Er = {er,e0, ""ep, "'ep, “ep, *“ep, " epp, " epp} (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 1R ¢ in (15) are controllable.
The values of the transition function of the automaton are

10 (1 1 11, 12, 11 10 (1 _1 11, 12, 11
fR( qR,lre) - EIR,Zr ve S {EI, ep, ep, eBP}/ fR( qR,Zle) - qR,l/ ve S {EO, ep, ep, EBD}
The active event sets of the automaton are

1HR(14R,1) = {er,"ep,2ep,Mepp}, "Hr('qr2) = {e0, ep, Pep, epp}

The closed behavior of the automaton is

L('Ggr) = ((e1 + Mep + 12ep + Llegp)(eo + Llep + 12ep + Llepp))” (16)
and the marked behavior of the automaton is

*
Lm(lGR) = ((6[ + 1’1€p + 1’2€p + 1’1€Bp)(€o + 1’1(31) + 1’261) + LleBD)) (17)

Thus, !Gg in (14) is a nonblocking automaton.
In Figure 6, the state diagram of Gy, is presented.

L1 12 11
e, €p, €p, €pp

Figure 6. State diagram of the model of R;.
The model of R; where i = {2,...,n} is described by the 6-tuple
‘Gr = ('Qr,'Eg, 'fr,'Hg,'xr0,' Qr,m) (18)
The set of the states of the automaton is

'Qr = {'qr1,"qR2} (19)

The state ‘qr; describes the case where the gripper of R; is empty. The state ‘qg
describes the case where a product is gripped by R;. The initial state of the automaton is
ixr0 = 'qr1. The set of the marked states of the automaton is ‘Qg ,, = {'qr1}-

The alphabet of the automaton is

. 0 i ir ia it 1
'Er = {"‘ep," ep,"“ep,"“ep,"" “epp," ‘epp,"'epp,"'epp} (20)

The events of the above alphabet have been defined in the previous subsections. It is
important to mention that all events of ‘Er in (20) are controllable.
The values of the transition function of the automaton are

i p i ' i1, iz, ii-1 ii ip i i i1, i2, i1 ii
"fr(qr1.e) ="'qro, Ye € {"ep,"“ep,"" ‘epp,"'epp}, 'frR("qrR2,€) ="'qRr1, Ve € {""ep,"“ep,” “epp,"'epp}
The active event sets of the automaton are
i i i1, 02, ii-1 ii i i il i i1 ii
Hr('gqr1) = {""ep,"“ep," “epp,"'epp}, 'Hr('qr2) = {""ep,"“ep,”" “epp,"'epp}
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The closed behavior of the automaton is

L('Gr) = (("lep +2ep + ¥ ~Legp + epp) (lep + 2ep + " ~lepp + egp))”  (21)
and the marked behavior of the automaton is
Lu('Gr) = ((l’ ep+"“ep+"""“egp+"epp)("ep +"ep+"" "epp +l'leBD)) (22)

Hence, e rin (18)is a nonblocking automaton.
In Figure 7, the state diagram of ‘G is presented.

il 02 gl ii
€p, €p, €pp, €pp

il 0,2 ii-1 ii
€p, €p, €BD, €BD
Figure 7. State diagram of the model of R;.

The model of R, 1 is described by the 6-tuple
"G = ("MQr, " ER, " fr, T HR, xR0, " Qrom) (23)

The set of the states is ""'1Qr = {""'qr1,""qr2}. The state "*1qg 1 describes the
case where the gripper of R, is empty. The state "*1gg, describes the case where a

product is gripped by R,,+1. The initial state of the automaton is ntly RO = "Hq r1- The set
of the marked states of the automaton is "*'Qg ,, = {"*1qr 1}
The alphabet of the automaton is
m . .
n+1]ER — jL,Jl ({n+1’16p, n+1,]eD}) U{n+1’n63p, 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 "+1E in (24) are controllable.
The values of the transition function of the automaton are

m . m .
R R e) = "Ry, Ve € jgl{”H’]@P}U{"H’"eBP}, "R R e) ="lgRy, Ve € jgl{”H’JED}U{"H’”eBD}

The active event sets of the automaton are

m . m .
"HHR("gRa) = jL:Jl{WH']eP}U{nH’"eBP}, HHR("Mgrp) = jgl{"H’JED}U{"H’"eBD}

The closed behavior of the automaton is

*
L(*"1G,) = " n+1,j n+1n ¥ n+1,j n+1ln
( R) = ‘+1 Jep + "+ egp ,+1 Jep + " epp (25)
j= j=

and the marked behavior of the automaton is

i=1 j=1

*
Lm(n+1GR) — < ( 1 n+1,jep + n+1,neBP) ( 1 n+1,]'eD + n+1'n@BD>> (26)
]

Hence, "t1G Rr in (23) is a nonblocking automaton.
In Figure 8, the state diagram of "*1Gy, is presented.



Sensors 2023, 23, 4545

10 of 38

n+1,1 n+1,2 ntlm  n+ln
ép, €ep,..., ep, e

n+l,1 ntl,2 ntl,m n+ln
€p,  €p,..., €p, €BD

Figure 8. State diagram of the model of R, 1.

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:

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

e  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).

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

e  Once a wafer is picked up by R;, where i € {1,...,n}, if Ci;1, is full, then the
transportation of the wafer to B; may cause blocking. Hence, a reasonable requirement
to avoid blocking is to guarantee an empty slot in C; 1 1 before R; initiates the wafer
transportation to B;.

e  Once a wafer is picked up by R;, where i € {2,...,n+ 1}, if C;_q, is full, then
the transportation of the wafer to B;_; may cause blocking. Hence, a reasonable
requirement to avoid blocking is to guarantee an empty slot in C;_1 » before R; initiates
the wafer transportation to B;_;.

Lin n+l1 n+l,1 n+l
J J
R—>C,—>R—>B—>-—>R —>C —>R —B, Cias
v
J
Rn+l
J
R«C,«R<«B<« <R <«<C <R «<B, Coiim
) J
Lout Rn+1 <_(jnJrl,Z <_Rn+l

Figure 9. Desired production sequence.

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 C; ; 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 Reqular Languages
For C;;, where i € {1,...,n+1} and j € J(i), which is given in (1), the first and

second rulgjéan be expressed in the form of the following regular languages:
VIR = ((e; + Me,) Vleplle, e llep)” (27a)
12K = ((Veg, + 1,zeu)*1,2€D1,2eul,2e;1,2ep)* (27b)
K = ((Hi—legp + ey ) Hlepite,ilesilep)” ;i€ {2,...,n} (27¢)
2K = ((Hegp + 2e,) 12 pie, i 2esi2ep)” ;i€ {2,... n} (274d)
nLlg — ((r+imey, + n+1,1eu)*n+1,1eDn+1,1eun+1,1e:in+1,leP)* (27e)
2R = (11 1e, + n+1,3eu)*n+1,3€Dn+1,3€un+1,?>e;n+1,3ep)* (271)
MHIAR = ((HlAe, 4 1AL, ) 1A ot LA+l n 1A exnt 1A+ 1ep) ", A € {3,...,m — 1} (278)
n+lmg _ ((m+ime,, —l—”“fzeu)*”“'261)”“'26”"H'ze;”“'zep)* (27h)

It is observed that /K C L,,("/G), wherei € {1,...,n+1} and j € J(i).

For B;, 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 R; drops a
product to B;, then the product can be picked only by R; 1. The second specification is as
follows: once R;;1 drops a product to B;, then the product can be picked only by R;. For
the two specifications, the corresponding regular languages are:

K=icie{l,...,n}, Kg=icg ic{2,...,n+1} (28)
where the regular expressions c and icp are
ic— ((i+1,ieBP+i+1,z'eBD)*(i,1ep(i+1,ieBP+i+1,ieBD+i+1,2ep)*(z’,ieBD)(iH,ieBD+i+1,2ep)*(i+1,ieBp)+

+i+1,2€P(i+1,ieBPJri+1,2€P)*(i+1,i€BD)(i+1,ieBP+i+1,ieBD+i+1,zep)*(i,ieBp)))/

icp = ((ifl,ifleBP+i71,ifleBD)* (z‘,zep(iq&ep+i71,i71€BP+1'71,1'716313)*(z‘,ifleBD)(1'71,1613+1'71,1'716313)*(1‘71,1'71681))Jr
*

+i71,1eP(i71,1eP_|_ifl,ifleBP)*(ifl,ifleBD)(ifl,lep_|_i71,ifleBP_|_i71,ifleBD)*(i,i71€BP))) )

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 = <611’1€D + 1’1€p1’1eBD + 1’1€Bp1’2€D + l’ZEPEO) (29a)

, el il il i i 2 Qi1 L
Kgr = ( egp” ep +""ep"'epp +"'epp"ep +"“ep” eBD) ; ie{2,...,n}, (29b)

m—1 *
n+1KR _ (n+1,neBPn+1,leD 4 n+1,1ePn+1,3eD + (/{,_ (n+1,AePn+1,A+1eD)) + n+1,mepn+1,26D 4 n+1,2€Pn+1,neBD) . (29C)
=3
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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
"Kr € L, ("Gr) and the alphabet of 'Ky, is the alphabet ‘Eg, wherei € {1,...,n+1}.
Proposition 1. The reqular language 'Ky, wherei € {1,...,n + 1}, is Ly, (‘Gg)-closed.

Proof of Proposition 1. According to [15,16], the language Kgis Ly, (iG r)-closed if Kg =

iKg N Ly ('Gg). Clearly, every word of /Ky, not belonging to ‘K, ends with a pick event.
Furthermore, in every word of L, (‘GR), after a pick event, a drop event follows. This drop
event activates the transition of /Gy to its initial state, being the only marked state of ‘G.
Thus, ‘Kg N L, (‘Ggr) C iKg. Since, 'Kg C 'Kg and 'Kg C L, (‘Gg), the proof has been
completed. [

The fourth rule is expressed by the following regular language:

MR = (Hdesilepitllep)’; i € {1,...,n} (30)

The fifth rule is expressed by the following regular language:

PKp = (F12ehi2epi~12ep)"; 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 U;, where i € {1,...,n+ 1}. Each U;
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 U;, wherei € {1,...,n +1}.

Particularly, the supervisor automata implemented in U;, where i € {1,...,n}, are the
supervisors ilg i2g iS iy ISy 1Sy and “2Sp. The supervisors realize the languages
IR, 12K, K, 'K, ' Kg, "Kp, and K, respectively. Note that the languages K5 and
12K p do not correspond to any rule of desired behavior and are introduced exclusively for
uniformity reasons to be IKp = 1]E}§ and 2 Kp = 1E}§.

The input signals of U;, where i € {1,...,n}, are:

(i) Theevents of R;;

(ii) the single uncontrollable event of Ci/]-, namely the event ije,, where je{1,2};

(iii) The events *1Vegp, tliepp, iTllep, and +12ep, of R;yq;

(iv) the events Vi lepp, imLimlepy i-11

BD ep,and ~12ep of R;_;, wherei € {2,...,n}.
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Particularly, the supervisor automata implemented in U, 1 are the supervisors "*1"1S,
L, mlmg ntlg gy ntlgp g, and "t12Sp. The supervisors realize the lan-
guages "TUIK, ... UMK, nHIK, "HKp, "Ry, "R p, and "12Kp, respectively.
Note that the languages "*'K and """!K do not correspond to any rule of desired
behavior and are introduced exclusively for uniformity reasons to be "*!K = "*1E% and
n+llg = — nt+lp*
D — R
The input signals of U}, are:

(i) The events of R;41;
(i) The uncontrollable events of C,HL]«, namely the events n+Llje,, where jed{l,...,m};
(iii) The events ""egp, ™" epp, ™lep, and “2ep of R,,.

Clearly, the events of the categories (iii) and (iv) of U;, where i € {1,...,n}, and
the events of the category (iii) of U, 1 cannot be restricted by the control unit and serve
only as monitoring events. The events “Je,, wherei € {1,...,n+ 1} and j € J(i), being
uncontrollable events of the production stations, cannot be restricted by the control unit
U;. Furthermore, the events ‘tiegp, itliepy it1llep, 4120, and the events "~ Vilegp,
i=Li-lppy i=Llep and =12ep, where i € {2,...,n+ 1}, are used by U; exclusively for
monitoring purposes and are not allowed to be restricted by the control unit U;. Based on
this interconnection, the alphabet of U; will be augmented as compared to the alphabet of

the automaton ‘G g. The augmented alphabet is the following:

ifr = ErU {1+1,zeBP, 1+1,zeBD/1+1,leP,z+1,2€P,zfl,lfleBP/zfl,zfleBD,hl,lepllfl,ZeP, l,leu,l,Zeu} (32)

wherei € {1,...,n},and
~ m .
"HER = "B U{""epp,"epp, " ep,"ep} ,Ul{"ﬂ’]eu} (33)
]:

It is important to mention that the set of the events that can be restricted by U;
(controllable event set), where i € {1,...,n+1},is 'Eg, = 'Er. Regarding these event
sets, it holds that

'BryN*Er, =@, Yk € {3,...,n+1} (34a)
Ery N Ery =@, Vijke {2,...,n} :(k>i+1)A(k<i—1) (34b)
"HEg N ER, =@, Yk € {1,...,n—1} (34c)

Also, regarding the adjacent control units, it holds that

ErN'Eg = {egp, epp, Tlep, 12ep}; i€ {1,...,n} (35a)
ErN™Eg = {Vilegp, Vi lepp, " ep, 71 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 LK and
12K are M'E = ME U {¢,;} and '?E = 2E U {e,,}, respectively. The alphabets of "'K
and 2K are 'E = “E U {=lep,} and i'2IE~ = PE U {ey,}, where i € {2,...,n},
respectively. The alphabet of ""U1K is "UE = #"+LIE y {"+17e ) the alphabet of
nt12g g nt12E — n+13FR {n+1,1ep}’ the alphabet of ntLAR ig "tLAR — nt+LA+1ER
{rt14e,}, where A € {3,...,m — 1}, and the alphabet of "*1"K is "*\"E = "+1.2E U
{n+lme,}. The alphabet of 'K is 'E = {"egp, "epp,tep, i 12ep, it ey, Tlicpn ), where
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i € {1,...,n}. The alphabet of ""'K is "1E = "*1Eg. The alphabet of ‘Kp is ‘Ep =
{i’l;leBp, i’iilegp, i’zep, iil’lep, iil’iilEBp, iil’l;leBD}, where i € {2, oo, n+ 1}. The alpha—
bet of 'Ky is 1@3 = lEg. The alphabet of Ky is 'Eg, where i € {1,...,n+1}. The
alphabet of "'Kp is "Ep = {ep,*11ep}, wherei € {1,...,n}. The alphabet of "*11K
is "tUEp = "t1Eg. Finally, the alphabet of “2Kp is “?Ep = {~12ep,?ep}, where
i €{2,...,n+1}. The alphabet of 1?Kp is 2R, = 1Rg.

The design requirements of the supervisors of U;, where i € {1,...,n}, are expressed
in terms of a respective controlled automaton, denoted by ‘G, being of the following
structure:

'Ge = G1||Go||'Gr
— lGR||1,1G||l,2G||lG

1G|[2G|['G|[1G|['S|['S ]S 'S 'Sy
G I'Sl[15] 28| S Sal 1SS

“1Sp||?Sp =

(36)

where || denotes the synchronous product [15] (or the parallel connection [16]) of two
automata, and where °G = ({1},2,9,@,4q1,{q1}). Clearly, for every automaton G it
holds that °G||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, eee, n}, are in the
following form:

L('G¢) = Pg! (L('Gr)NL('SR)) N‘P~! (L('G)) n‘P5! (L(7'G)) NP~ 1(L('S)) NP5 (L('Sp))N

A (7P (L(1G)) TP (L(S)) NTPSH (L(SD))), (872)
L

Ln(‘Ge) = PR (Lu(Gr) NLun(Sr) ) NP~ (Lu('G)) N*P5" (Lu(71G)) NP1 (Lun('8)) NiPF" (Ln((S5) )

2 /.. o o i, . h (37b)
i,jp—1 i,j i,jp—1 i,j ijp—1 i
j21< P (]Lm( G)) niip (]Lm( S)) niipg <]Lm( sD)>),
where /Py is the projection of ’IE}‘2 to 'E%; /P and "/ P are the projections of ZEE to “/E* and
LIE*, respectively; ‘P and ‘P are the projections of E% to'E* and ‘E*, respectively; ‘P and
ip p are the prpjections of ‘[E% to "1E* End iEg , respectively; i1P , is the projection of 'E%
to 1 E%; and ?P, is the projection of 'E% to “?E%,.

For i = n 4 1, the controlled automaton is required to be of the following structure:

n+1GC _ n+1GR|| (

m . .
4||1<"“ffc||"“'f8>>"Gl|”+1SR||"+1SB||”“fst (38)
]:

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

}L("+1Gc) — ”JrlPEl (L(nJrlGR) N L(”+1SR)) N n+1p§l (L(”G)) ) n+113§1 (L(”JrlSB))ﬂ

D (VP LG NP (L(IS)) ) 2P L2 p)), (392)

L ("1Ge) = "1P! (L ("F1GR) Ly ("F18R)) NP (L ("G)) NP (L ("F1S5))N

'r"%l (n+1,jp—1 (L ("H1IG)) A 7411 (Lm(n+1,js))> AmHL2pT(L,, (1128 ), (39b)
j=

where "*1Py, is the projection of "'E% to "1E%; "*1/P and "+1/P are the projections of
"R to "HE* and "TE* (V] € J(i)), respectively; "+1Pp and "1 Pg are the projections
of "+~1[~E}§ to "*1E* and "+1E%, respectively; and "*12P, is the projection of "'E% to
n-‘rl,ZE»b_
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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
ie{l,...,n+1}andj € J(i) are required to be

L("S) = Ly (¥8) = /K ="K (40a)
L('S) = L,('S) = 'K = 'K (40b)
L('Sp) = Ln('Sp) = 'Kp = 'Kp (40¢)
L("Sp) = Lu("'Sp) = Kp = "'Kp (40d)
L("Sp) = Lu("*Sp) = ?’Kp = "“Kp (40e)
L('Sg) = Lu('Sg) = Kg (40)

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 WK, 'K, Kg,
1K p, and »?K p 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 'Ky is L, (‘G g)-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 Gy, fori € {1,...,n},is required to be

Lu('Go) = 0 (VP (/K) nPp! (VKp) ) 0Pt (Ke) n'P7H(K) NPy (K) (41)

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

Lm(nﬂcc) _ Fﬁ (n+1,jp—1(n+1,jK)) ﬂnHPEl (n+1KR) n n+1PE—;1(n+1KB) n n+1,2P51(n+1,2KD) (42)

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

L('G.) = Lu(iG,) (43)

Finally, it is required for the supervisors embedded in U;, where i € {l, ...,n+ 1} and
j € J(i), to be physical realizable (PR) (see [17]) with respect to the automata IGg, "G, G,
and -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 U;. Furthermore,
the control algorithm of each U; 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
ntlg 1§, ntllg, and 128, 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.

3‘2E n+1,n]E
. R

—
n+1,1 n+l,m
E E,

ue? "t

[ XN J Bn.1

Figure 10. Distributed supervisory control architecture.

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 "'K, where i € {1,...,n}, are in a 6-tuple
form (see [17-21]), as follows:

i1 i1 AT ilg il i1 i1
S = (1 QS/Z ]Erl fS/I HS/Z xS,OIZ Qszm) (44)
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fps(tapsa

1+1,1ep)

The set of the states of the supervisor automaton is Qg = {1 1q S, 1, q S, 5,1 q s3}. The
initial state is 1x S0 = ilg s,1- The set of the marked states is L1Q Sm = i1Qg. The values of
the transition functions of the supervisor automaton are

“fs(Masa, " repp) = sy, M fs(Mgsa,ten) = Mgs, u llfs(l’ s, 1, "ep) ="qs,,
Nfs(gsa lew) = qss, " fs(gss tep) = "gsy

The active events sets are

i,1Hs(i,qu,1) — {i,i—lel?, i,leD’i,leu'}, i’le(i’lst,z) _ {i’leu},
1’1Hs(1’145,3) — {l’lep, l'leu}

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.

ii-1 il
eBP: eu il €y

Figure 11. State diagram of supervisor 'S.

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

The supervisor automaton realizing 1K b, where i € {1,...,n},is the 6-tuple

i1 i1 i il i1 i1 i1
“Sp = (""Qps," Ep," fp,s," Hp,s," xp,s0, " Qp,s,m) (45)

The set of the states of the supervisor automaton is i1Q DS = {l 111 D,S, 1Y 11 D,s2}- The
initial state is’ xD S0 = i1 dp,s1- The set of the marked states is g 1(@[) Sm =" QD 5. The
values of the transition function of the supervisor automaton are

i+1,1ep)

i1 i1 il i1, N il i1 i1 i
="qps1, " fps("qpsi.ep) =" qps2 " fps("qp,s2, ="qps1

The active events sets are
iJHD,S(i'qu,S,l) — {i’lep, i+1'1€p}, i'lHD,S (i,qu,S,2) _ {i—i—l,lep}

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.

Figure 12. State diagram of supervisor ilgp.

The supervisor ?Sp of the language "’Kp, 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 "*11S 5 and 12S 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 'K,
wherei € {1,...,n}, are in the form

IS = (IQs,'E, s, Hs, x50, ' Qs m) (46)

The set of the states is Qg = {iqs,l, iqS,z, iqS,g, iQS,4/ iq5,5}. The initial state is ixs,o =
'gs,1- The set of the marked states is 'Qg ,, = 'Qg. The values of the transition functions are

Fs(asy, THepp) =5, ‘fs('gs1, T epp) = g5, fs(gs1, ep) = s,
Fs(qsa, " ep) =qs4, 'fs(qs2, T epp) = 'q52, 'fs('as2, M epp) =452,
fs(asa, T 2ep) ="qs2, 'fs(\qs2,"enp) =453, 'fs(qss, T epp) = 53,
Fs(qss, T%ep) ='qs3, 'fs('qs3, T epp) ="qs1, 'fs('qsa, T enp) = 'qs4,
zf$(1q$/4/ 1+'1,28'P) _ lqu’ zfsl(quA,lJrl,'zeBD) — 145,5/ lfS(lq$,5/ H‘lfleBP) :‘145,5/

‘fs(qss, T epp) ='qs5, 'fs('qss, T %ep) =55, 'fs('qss, Mepp) = g5

The active events sets are

Hs('qs1) = {"ep, " 2ep, " iepp, " iepp}, Hs('qs2) = {"epp, T 2ep, T iepp, T Hepp}
IHS(ZQSB) — {Z+1'2'3P/ z‘+l,zeBp/z+1',{zeBD}', ZHS(IHSA) — {lJrl"Z@P/lJrl’leBP, z+1,zeBD}/
’Hs(lQS,5) — {z,zeBP’ z+1,2€P, 1+l,zeBP’ Hl'leBD}

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.

i+1,i i+l
BPy  €BD
i+l i+ o . o o i+1,2 i+1,i i+1,2
» > i+1,i i+1,2 i+1,i itl,i e e e
, _ep €sp, _€pp ’ P BD» P

€pp, €D epp,

€pp €pp

Figure 13. State diagram of supervisor 'S.

The state diagram of the supervisor iSp, where i € {2,...,n 4 1}, has the same
configuration as the state diagram of ‘S, where i € {1,...,n}. The closed behavior and
the marked behavior of the automaton satisfy the requirements (6¢). In Figure 14, the state
diagram of the supervisor ‘Sp, where i € {2,...,n + 1}, is presented.

i-1,i-1 i-1,i-1 i-1,i-1 i-1,i-1
€pp, €BD, i1l il €pp, €sp,
. S i-1,1 j-1,i-1 j-1,i-1 e e i-1,1
i1 i-l,i-1 e i-L.i i-Li P BP e
ep, esp P €pp, €Bp P

Figure 14. State diagram of supervisor 'Sp.



Sensors 2023, 23, 4545 19 of 38

It is mentioned that the supervisors "*'S and !Sp, mentioned in Section 4 to be
supervisors realizing the languages 1K and 'K 3, respectively, are single-state automata,
with self-transitions activated by all events of the alphabet "*!E ; and the alphabet 'Ep,
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 R;, namely the supervisor realizing the
language 'Kg, where i € {2,...,n}, is in the form

iSr = (‘Qrs,'Er, ' frs, Hr s, ' *r 50, QR 5.m) (47)

The set of the states is ‘Qr s = {'qr,s,1,"9r,52. 'R 53 "TR,54. qR,5,5}- The initial state is
XRs0 = 'qr,s,1- The set of the marked statesis 'Qg s ,» = ‘Qr s. The values of the transition
function of the supervisor automaton are
- IfRS(QRSL” lepp) ="qr,s,2, fRS(QRSl/ ep) ="'qr,s3
Frs(qrsi "esp) = "qrs4 ‘frs( IR 51/ Zep) = qR,s5 fRs( TR 52/ ep) ='qrs1,
frs(qrss “epp) = ¢1R51, Frs( RS/ Zep) =qr 51,
frs(qrss " lepp) ='qrsa
The active events sets are
Hrs(qrs1) = {"'epp,"tep, "epp, ?ep}, Hr s('qr,s2) = {' 1613}
Hgs('qrs3) = {"esp}, Hrs(qrsa) = {?ep}, Hrs(qrss) = { lepp}

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.

Figure 15. State diagram of robotic manipulator 'Sg.



Sensors 2023, 23, 4545 20 of 38

The supervisor 'Sy of the language 'K has the same state diagram configuration as
that in Figure 15. In Figure 16, the state diagram of the supervisor 'Sy, is presented.

Figure 16. State diagram of robotic manipulator 'Sg.

The supervisor of the robotic manipulator R, 1, namely the supervisor realizing the
language "*1Kr p, is in the form

1 1 1 1 1 1 1
Sk = ("MQrs, " ER, " frs, " HRr s, " xR 50, " Qr .5 m) (48)

The set of the states is ""'Qr s = {""'qrs1," R 52, ---, " 1GR 5 mr2}- The initial
state is "tlxg 50 = "t1gr s 1. The set of the marked states is "*'Qgr 5, = ""'Qg 5. The
values of the transition functions of the supervisor automaton are

"rs("Mars, M esp) = "R s, T rs (" rs " ep) = "R s s,
" rs("grsa, " Hep) = "qps, i1, Vi€ {3,4,...,m}
"ps("Mars, " ep) = "R s w2 " fRs ("R s, " ep) = "R s,
" frs("ars,, "t ep) =" ars, Vi€ {3,4,...,m}, "R s ("R g i1, T Pep) = "Mlgr s,
"R s ("R s me2 " epp) = "R 51

The active events sets are

"HHes("grs1) = {"Tepp, " ep, ..., T Mep}
"HHg ("M grse) = {" T ep M Hr s ("Tgrs ) = {"Tep}, Vi€ {3,4,...,m},
n+1HR,S(n+1QR,S,m+1) — {n+1’2€D}n+1HR,S(n+1¢IR,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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Figure 17. State diagram of robotic manipulator "*1Sg.

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 U;, wherei € {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 U; with respect to the robotic manipulator R;, the production
station C; ;, where j € J(i), and the buffer B;, wherei € {1,...,n}, through the synchronous
products in (36) and (38). The physical realizability of the supervisors of U; 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 U; 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 U;,
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 U;, through the synchronous
product (36) will be proven. All automata affected by the control unit U; are composed
as the synchronous product ‘Gr||'G||"!G||"*G||"*G. In the second theorem, the phys-
ical realizability of the supervisors, embedded to U1, with respect to the automaton

m .
"1GR||"G || "G, through the synchronous product (38) will be proven. Furthermore,
j=1
the first of the two remarks of the section will cover the physical realizability of the supervi-
sors, embedded to Uj.

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

Proof of Theorem 1. Regarding the supervisors embedded in the control unit U;, the
several events of the automaton ‘G ||'G||"1G||"!G||?G are not allowed to be restricted
by the supervisors. These events, being uncontrollable by U;, are the uncontrollable events
of the two production stations, i.e., the events ile, and 2e,, and the monitoring events
of the adjacent control units, i.e., the events *Vepp, it12ep, iTliepy i=llep i=Li=lepy
i=Li-lepys H1len, and i=12¢p. Here, it will be investigated if each supervisor of U; is able
to restrict these 10 events. To this end, first it is observed that all events in the alphabet of
IS are controllable. Thus, 'Sk does not restrict any of the 10 events. Second, it is observed
that the uncontrollable events in the alphabet of ig, being the events HLligpn, 1205 and
i+Liepp, satisfy the following properties:

Hligpp € ﬂizl(le(lﬁls,A)), H2ep €73, (ZHS(ZQS,/\)), Hliepn € M3, (iHs(ltIs,A)>

The above relations reveal that the three uncontrollable events of ‘S belong to the
active even sets of all states of 'S. Thus, /S does not restrict any of the 10 events. Third, it
is observed that the uncontrollable events in the alphabet of iSg, being the events i=1lep
i=Li=lepp, and iV~ legp, satisfy the following properties

Hllep e my_, (lHB,s(IQB,s,A)),171"7163[) €M, <ZHB,5(’qB,s,A)),171"71631? € m/5\21(lHB,S(ZqB,S,/\))

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

Fourth, it is observed that there is only one uncontrollable event in the alphabet of
i1Sp, being the event "T11ep, where "*1lep € M3_, ("'Hp s("'gp,s,1)). The above relation
reveals that the uncontrollable event of "'Sp, belongs to the active even sets of all states
of 1S p. Thus, “!Sp does not restrict any of the 10 events. Fifth, it is observed that there
is only one uncontrollable event in the alphabet of ?Sp, being the event ‘~?¢p where
=120, ¢ ﬂ%\:1 (i'z]I-]I D,S (i'2q DS, A)) The above relation reveals that the uncontrollable event
of 2Sp belongs to the active even sets of all states of i28 . Thus, “2Sp does not restrict
any of the 10 events. Sixth, it is observed that there is only one uncontrollable event in the
alphabet of /S, where j € J(i), being the event /e, where e, € M3_, (“Hs("gs,)). The
above relation reveals that the uncontrollable event of /S belongs to the active even sets
of all states of “/S. Thus, /S does not restrict any of the 10 events. Hence, according to
Corollary 1in [17], all supervisors are PR with respect to ‘G |['G||"1G||"1G||"?G, through
(36). O

Remark 1. The proof of the physical realizability for U is similar to the one of U, for i €
{2,...,n}, if the events of the loading docks are considered, i.e., if the events ey and eo are used
instead of the events "'~ 'egp and " ~Legp 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 ﬁ n+1,jG_
j=1

m
Proof of Theorem 2. The uncontrollable events of the automaton "*'Gg||"G || "*1/G are
j=1
the m uncontrollable events of the last m production stations, i.e., the events ije, where
j € {1,...,m} and the monitoring events of the adjacent control units considered as
uncontrollable events. The monitoring events are the events nlep M2ep MMepn and "epp.
Here, it will be investigated if each supervisor of U, is able to restrict these m + 4 events.
To this end, first, it is observed that all event of "t1S are controllable. Thus, "1S does
not restrict any of the m + 4 events. Second, it is observed that the uncontrollable events
in the alphabet of ntlgp, being the events mlep, MMepp and "egp, satisfy the following
properties:

"lep € M, <n+1HB,S(IQB,S,)\))/ "Mepp € My (nJrlHB,S(ZQB,S,/\))r "Mepp € My ("HHB,S(ZQB,S,A))

The above relations reveal that the three uncontrollable events of "*1Sp belong to
the active even sets of all states of "t1S 5. Thus, "S5 does not restrict any of the m + 4
events. Third, it is observed that there is only one uncontrollable event in the alphabet
of "T12S 5, being the event "2ep where "?ep € M3_, ("*12Hp s(""2qp,s1)). The above
relation reveals that the uncontrollable event of "*12Sp, belongs to the active even sets
of all states of "t12S . Thus, "*12S does not restrict any of the m + 4 events. Fourth,
it is observed that there is only one uncontrollable event in the alphabet of "+1/S, being
the event "*1/e, where "*lie, € M3_, (" Hg("1/gs ) )). The above relation reveals that
the uncontrollable event of "+1/S belongs to the active even sets of all states of "*1/S.
Thus, "+1/S does not restrict any of the m + 4 events. Hence, according to Corollary 1

m .
in [17], all supervisors in (38) are PR with respect to "*1G||"G || "*1/G, through (38).
j=1
Since the uncontrollable alphabets of all supervisors are disjoint sets, the conjunction of all

m .
supervisors is PR with respect to "*1Gg||"G || "*1/G, through (38). O
j=1

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 /G, = /G
marked states.

WS, fori € {1,...,n+1}and j € J(i), are

Proof of Lemma 1. For the automaton /G, it holds that

i’jfc((i’j%,l/i’jlh)/e) = (i’jQS,l/i’j%)} e € WE — ', i’jfc((i’jQS,lfi’jlh)/i’jeD) = (i'j‘JS,zr i’j‘h),

Wf((Mgsp,q2), ew) = ("9s5,793), “fc((qs3,q3), " ep) = (“qsq,"q1)

where "/ f (-, ) is the transition function and /H,() is the set of the active events of the
automaton “G,. From the above it is observed that any pair of states, where the first
element is "/ g4 and the second is a state of i]S, is not a state of “/ Gy, in the sense that
this pair is non-accessible. The rest states of JG, i.e., the states ¥/ q1, ] g2, and ij g3, are all
marked. Furthermore, the states of /S are all marked. Thus, the proof has been completed.
O
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Corollary 1. The automaton /G 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 'G, under the influence of the supervisors 'S and
i+18p, fori € {1,...,n}, are marked states.

Proof of Lemma 2. First, the properties of the automaton ‘G||'S will be examined. Regard-
ing ‘G, it is observed that the arrival to the non-marked state g4, having no transitions, can
be accomplished only by transitions from g1, ig5, and 'q3. Regarding gy, the respective
transitions in ‘G||’S are

ifGlls((ifllfi%,l) +l’eBP> = (i%riQS,l)rifGHS<(i‘71/i‘75,2) l“’eBp) (94, itis,z)rifc\\s((iQ1,iﬂls,4) ’*1’8313) (‘94,'q5,4)

where  f c||s(+,*) is the transition function of the automaton 'G||’S. Regarding ‘g5, the re-
spective transition in ‘G|['S is ' f /s ((‘42,'9s.3), """ "epp) = (‘94,'qs,3). Regarding ‘g3, the
respective transitions in 'G|'S are 'fgs(('q3,'9s5), " epp) = ('q4,'qss) and
Fois((as,'qss), " Vepp) = ('94,'gss). At first, it is observed that 'G||'S is a blocking
automaton, where all events provoking a transition to the non-marked state 'q, are events of
Uit1. Next, the properties of iG||*1sp will be examined. It is observed that the transitions
to the non-marked state g4, from the state ‘g, are

ifG||B(( q1, ‘1351 EBP) = ‘14/ 6]5 1) fGHB((i%'riqB‘,S,z)/i’ieBP) = (i114,i113,5,2),
Fous((91.'98,54), "esp) = ('94,'4B,5,4)

where c||a(,+) is the transition function of the automaton iG||"*18p. The respective
transitions from g, are

ifGHB((i%,iQB,s,s),i’ieBp) = (i¢74,i¢73,s,5), ifGHB ((iqZ/iQB,S,S)/i'ieBD) = (i%, iIiB,s,S)

The transition from ‘g3 is 'f |5 (('93,'98,5,3), "esp) = (‘q94,'qB,s,3). Thus, the automa-
ton ‘G||*1S is a blocking automaton, where all events provoking a transition to the
non-marked state iq4 are events of U;. From the above it is concluded that the joint action
of the control units U; and U; 1 to ‘G restricts all transitions to g4. Since, ‘g4 is the only
non-marked state of 'G, it is concluded that !G, under the influence of the supervisors is
and ‘1S3, 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 B; is non-accessible, under the influence of the control actions imposed by U; and
U;, 1. Define the automaton ‘G, being a subautomaton of ‘G and derived by removing
the single non-marked state ‘G and the corresponding transitions of G. Clearly, the set
of the states of ’G is the set 'Q,,. Using the present definition, the following synchronous
products, being subautomata of the controlled automata in (36) and (38), are derived

iéC:'

ie{l,...,n} (49a)

m , ~
n+1G n+1G |< || (n-l—l,]GC)) ||nG||n+lsR||n+1sB‘|n+1,ZSD (49b)
j=1
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In the following two theorems, the property of nonblocking of G, where i =
{2,...,n}, and the nonblocking property of ”Héc 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 1G..

Theorem 3. The synchronous product in (49a), namely the controlled automaton ‘G, 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 G, follows the one of Theorem 3, if the events
of the loading docks are considered, i.e., if the events e and eq are used instead of the events "~ legp

and “~lepp in the proof of Theorem 3.

Theorem 4. The synchronous product in (49b), namely the controlled automaton "Gy, is a
nonblocking automaton.

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

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

Theorem 5. The automaton 'G.||>G¢|| - - - ||"*1 G is a nonblocking automaton.

Proof of Theorem 5. Consider the automata ‘G, and i T1G,, where i € {1,...,n}. Using
Lemma 1, the synchronous product ‘G.||'T1G. of the two automata is expressed as follows:

) ) ) J@1 o ) o
G| G, = iGl|[ || ”GC>||ZG||1—1G||ZSR||IS||ZSB
i=1

i1Sp|[2Sp||1GR|

S N | 0
|| z+1,]GC ||l+1G\\1G||1+1SR||l+1S||1+1SB||l+1’1SD||Z+1’ZSD.
j=1
where | - | denotes the cardinality of the argument set. Using the supervisors ¥1S3 and

l: S twice in the above formula, it is observed that the closed and the marked language of
'G,| |1+1GC are equal to the closed and the marked language of the automaton:

@I L ) L ) . ) )

< || “Ge ||I'G|I"'G[|'Sk|I'S||"*'S||'Ss|["*Sp|[“*Sp [T GR|

j=1

[JGE+1) ) o ) . o ) 1)
H z+1,]GC Hl+1G||lG|‘1+1SR||Z+1SHI+1SB"IS||1+1'1SD||Z+1’2SD.

j=1

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:

. @I, U o o , .
‘Grll| [ "Ge |[I'GII'GII'Srl|'S||"*'Spl'Ss||"'Sp|[*Sp||*' G|
=1

L N | (52)
H l+l,]GC "1+1G||1G||Z+1SR||Z+1S||Z+1SB||IS"1+1’1SD||1+1’25D.

j=1
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Using (49a,b), it is observed that the closed and the marked behavior of 'G.||*G|| - - - || G,
are equal to the closed and the marked behavior of the subautomaton 'G.|[>G,|| - - - |[|"1G..

L(G,) =

L.('G
13G)|

In Theorems 3 and 4, the nonblocking property of iG., wherei € {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 U; do
not restrict the events of i(NQC, being common with i’l(N}C or i+1(§c. Furthermore, i(NEC
does not have any common event with the rest automata. Thus, the nonblocking prop-
erty of ‘G, is not affected by the rest-controlled automata in the synchronous product
1G||2Ge|| - - - [|"'Ge. Hence, 'G¢[|2G|| - - - ||"'G. is a nonblocking automaton, and
consequently 'G.||>G.|| - - - ||"*1G, is also a nonblocking automaton. [J

In Theorems 1 and 2 and in Remark 1, the physical realizability of the supervisors
implemented in U; with respect to the respective manufacturing devices related to U;,
namely the devices B;, R; and C;; 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 U;. The latter implies that the
events of U; 1 used in U; have not been restricted and vice versa. Thus, the PR property of
the synchronous product !G|[>G|| - - - ||"*1 G, 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 G is
satisfactory for every i € {1,...,n + 1}. Recall that the languages /K are prefix-closed
languages and /P 1 (WK) C ijp—1 (]L(i'fG)), Vie {1,...,n+1},and Vj € J(i), as well
as that the languages 'Ky are L,,('Gg)-closed (see Proposition 1) and ‘Kz C L,,('Gg),
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(‘G.) and L, (‘G,), for every i € {1,...,n + 1}, is validated by the following relations:

L(G,) =Py (L(iGR) nipg?! (KR)) nip-1 (L(i(;)) nipg? (L(f—lé))m
B (02 (1010) 71 (7)) 8 () 01 (35) 0 A, (5 (o) = s

)85 (58) (925 (7)) B -4 ),

)
:Lm(iéc):iplgl(Lm(iGR)m R1<1KR)) 1(]Lm ) ipy! (Lm(i—lé))m
80 () ) i) () B (R A5 ) =

j=

“1(K)n'P (ZKB)Q m (”P (Kp) ) (.l “iP- (’jK)>/

where for the derivation of the above relations, the relations ip-1 (’K) cip-1 (Lm (lé))
and ‘P5! ('K) C /P! (]Lm(i_lé)) 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:

11, 1,1, 11, 1,1, 1,1, 1,1 2,1 11, 21, 11,11, 21,21, 1,1, 21 1,1
ey epep ey ep ep T eépper T eépp "ep T ep ey eép ey €p T ep T epp T €D
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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 e;"'ep!ep. This prefix
is analyzed as follows: R; is commanded to pick a product from the loading dock; R;
is commanded to drop the product to C; 1; then, Ry is commanded to pick the product
from C; ;. The latter command would lead C; ; to malfunction, but the supervisor 118 has
disactivated this command. Thus, the supervisor allows the station to manufacture the
dropped product and the sensor signal, indicating that C; ; finished the manufacturing
of the product, to take place. Thus, the prefix efileplleplle, has been interpreted. Con-
tinuing, the prefix ertleplleplle, lepllenlleny is analyzed as follows: After the sensor
signal, indicating that C; ; finished the manufacturing of the product, R; is commanded
to pick the product from C; ;. After, Ry is commanded to drop the product again to Cy ;.
However, the latter command is disabled by the supervisors !S and !Sg. So, the next
command, namely the command to drop the product to By, is executed. Continuing with
the prefix e lepleplle, Mepllepllegpe*tegpllep®ep, the remaining commands of
the prefix are analyzed as follows: R; is commanded to pick another product from the
loading dock; R, is commanded to pick a product from B,; R; is commanded to drop a
product to Cy 1; Rp is commanded to drop a product to C; ;. Since C; 1 has already finished
the manufacturing of the product, R is commanded to pick the product from C; ;, but
the supervisor 1S, has disactivated the command !“!ep till C, 1 is empty. Thus, the prefix
e lepleplle, Mepllepllegpe®legpllep®leplle, has been interpreted. After C,; fin-
ished the manufacturing of the product, the remaining commands of the whole word are
interpreted as follows: R; is commanded to pick a product from C; 1, R; is commanded to
pick a product from Cj 1, R; is commanded to drop a product to By, and R; is commanded
to drop a product to By.

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 R; and R;, the production stations C; ; and
Cy,1, and the buffers B; and B, are presented.

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

Event Robot R, Robot R, Station C;; Station C; Buffer By Buffer B,
1 2 1,1 2,1 1 2,1
- qr1 qra 1 71 q1 1
1 2 1,1 2,1 1 2,1
€1 qRr2 qaRr1 q1 q1 q1 q1
1,1 1 2 11 2,1 1 2,1
€D qra qrA q2 q1 q1 q1
1 T 2 11 21 T 2,1
ep qRr1 qRr1 92 q1 q1 q1
1 T 2 11 21 T 21
Cu qR1 qRr1 q3 q1 q1 q1
1,1 1 2 11 2,1 1 2,1
ep qR2 AR q1 q1 q1 q1
11 T 2 11 21 T 21
€D qRr2 AR1 q1 q1 q1 q1
1 T 2 1 21 T 2,1
€BD qRr1 qaRr1 q1 q1 q2 q1
1 2 1,1 2,1 1 2,1
€] qRr2 qr1 q1 "1 q2 1
2,1 1 2 1,1 2,1 1 2,1
€Bp qRr2 qRr2 q1 q1 q1 q1
1,1 1 2 11 2,1 1 2,1
e€p qra qrp2 q2 q1 q1 q1
2,1 1 2 1,1 2,1 1 2,1
€D qra qra g2 "2 q1 41
1,1 1 2 11 2,1 1 2,1
ey qra qrA q1 q2 g1 q1
1 T 2 11 21 T 2,1
ep qRr1 qRr1 q3 q2 g1 q1
2,1 T 2 11 21 T 2,1
ey qRr1 qRr1 q3 q3 q1 q1
2,1 1 2 11 2,1 1 2,1
ep qra qrp2 q3 q1 q1 q1
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Table 1. Cont.

Event Robot Ry Robot R, Station C;; Station C;  Buffer By Buffer B,
Uep 'R 2R E gy ki g
Zlepp Y9Rr2 4R 1 e gy 'm s
Yepp 1‘7R,1 2‘7R,1 Ugs g 12 g,

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 "lep has been restricted to take place
by the supervisor ''S. According to the sixth row, the event "lep has been restricted to
take place by the supervisors 'S and !S. Finally, according to the 13th row, the event lep
has been restricted to take place by the supervisor 'Sp. The event "lep will not provoke
a transition in the system until the event >!ep takes place that empties the production
machine C, 1. As already mentioned in Section 3, the supervisor 11§ 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 C; 1 and By, then the product will eventually move on; a possible malfunction in the
production machine C; ; may cause product blocking in the buffer By.

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 1§ and 2S, where i € {1,...,n},
are equal to (3, 4, 6). The complexity triad of ‘S, where i € {1,...,n}, is equal to
(5, 6, 18). The complexity triad of iSp, wherei € {2,...,n+1},is equal to (5, 6, 18).
The complexity triad of 1Sy, where i € {1,...,n}, is equal to (2, 2, 3). The com-
plexity triad of ¥2Sp, where i € {2,...,n+ 1}, is (2, 2, 3). The complexity triad of
iSg, where i € {1,...,n},is (5, 8, 8). The complexity triad of the supervisor "*Sy, is
(m+2,2m +2,2m +2). Regarding the supervisors "*1Sp, 12§, 1§ and 1Sy, it is
mentioned that is not necessary to be realized. Hence, the total complexity triad of all su-
pervisors in Uj is computed to be (18, 24, 39). The total complexity triad of all supervisors
in U;, wherei € {2,...,n}, is computed to be (25, 32,50). Similarly, the total complexity
triad of all supervisors in Uy, 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
(251 + 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 (101 + 4m + 4, 15n + 5m + 4, 27n 4+ 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 U; 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.

“qgl i’leo “6]5,2 L]qs,z “eu “45,3
e s
i,qu] 1 il 2
, qsp2
R~ R
ey Mgsi il il il
g qs3 ep ' gs.
—{P—(S)- S B - -
ii-1 il “‘]&3 ’
"epp " gs —R)—
4{ PHS% Lleu ivqu,l
PI—(S)—

Figure 18. Ladder diagram of 'S.

il

il ily, il i+1,1 il
gps1 e 4psi gpsz er qps
AP s
il dns2 1 il p.s2 2
R~ R~
i+1,1 il
ep 4pns,|
P—(S)—
Figure 19. Ladder diagram of ilsp.
i ii il i i+1,i il il i+1,i il i ii i
qs2 €BD qs3 qs3 €pp " 4s,1 gqsa €D 4S5 qss epp (s,
O e E | e O S e o |0 O S R [ E ) A
' lq 52 ' 1113,3 ’ lq S4 ié]s,s
R R R L ®
l+1,LeBP lqs,z i+l,2eP th’S [H”'eBP [’lqs4 [H’ieBP iq&5
ph (s 2 fpb—s)- 3 ip— (s RO
[H’iegD qu,z MJ@BD iQS3 [+1,2eP L',quA i+1,feBD iCIs,s
, P S
#P}—@% %PF*‘(S% %PF—(S% % F‘( i
i+l,2€ i i+1,2 i
P qs2 ep  qss
—HP——(s)— L p—(s)—

Figure 20. Ladder diagram of 'S.
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i L1l
qBs,1 ep " qBsp

— AP (s
quB,S,l
w0

i1 i
epp  4BS.1

i-1,i-1

" esp iqB,S,l
o)
ep “CIB,SA
—{P—(s)—
“qB,S,l
R)—

i i-1i-1 i i il i i ii-l i i i
qBS2 epgp qBs3 qBs3  €sp (qBs,| qBs4 "~ €BD {4BSS ‘g5 H

- !

Ji-1 i
€pp  4BS,1

\%%*@W§$ \%Ff@7§w \4kfwwfw — ek s
LBl e L
P Y O e - S I R R B -
Al s gyt Mlon ggsa Mer  gpss
pb(s) IR (s (s —P——(s)—

i-1,i-1 i i-1,i-1 i
€BP qBSs2 €pp  qBS4

AP P8

Figure 21. Ladder diagram of 'Sjp.

‘qrsy "lepp quz qrs2 Mep qrsi
e — —{Pks)-
qR S.1 ‘Grsa
R
Hep QR 53 | ‘Yrsz “‘esp 'qrsy
i e fr s 2
iQR s qrs3
R~
Hegp iq R s4 ‘grsa “ep  qrsa
a8 e
QR S,1 s
R
i ii-1 i
ep ‘Yrs:s qrss =~ esp  qRS.1
—Pl—(s)- — —Pl—
) i
‘q RS,1 RS
R)* 4<R>*

Figure 22. Ladder diagram of 'Sg.

As mentioned in Section 4, the state diagrams of 11g i2g and "t1iS, where i €
{1,...,n}andj € {1,...,m}, have the same structure as the state diagram of i1§. Hence,
the LDs of 118, #2S, and "*1/S, where i € {1,..., n}andj € {1,...,m}, have the same
structure as the state diagram of “!S in Figure 18. Similarly, the LD of “’Sp, where
i € {2,...,n+ 1}, has the same structure as the LD of 'S in Figure 19. Finally, it is
mentioned that the LDs of 1S and "T1Sy have the same structure as the LD of 'Sy 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.
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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.
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Appendix A

Proof of Theorem 3. Any state of ‘G, is of the following 12-tuple form:

(qr,"1q,%%q,'9,"q,"qr 5, " q5,7%q5,"qs, 9.5, "' qD,5,*qD,s) €

IQr x1Q x 2Q x 'Qp x 71Qu x 'Qr s x "1Qs x Qs x 'Qs x 'Qps x "1Qp 5 x Qp,s.

It is important to mention that all states of the supervisors in (49a) are marked states.
Regarding the automata i1G,, G, ié, and i’lé, it is noted that according to Lemma 1
and Lemma 2, all of their states are marked. Thus, the characteristic of a state of ‘G, to be
or not be a marked state depends entirely upon the respective element of the 12-tuple state,
being a state of G r. Hence, for iéc to be a nonblocking automaton, it suffices to prove that

"H ((lﬁer “19,%q,', qr s, " 95,205, "95, " 95, 08,5, " 9,5, 2D, s)) N'HR('qr2) # @
where H(-) is the active event set per state of IG,, and Hgr(iqr2) = {"'ep,ep, " Lepp, "epp}.
In other words, it suffices to prove that when the robotic manipulator picks a product,
i.e., the automaton Gy, is in the state ! qro2, thena drop event is always in the active event
set of the state of ‘G, having as an element the state 'qg , to guarantee that the robotic
manipulator has the ability to drop the product, and consequently the automaton Gy, is
able to return to the marked state iq R1-

The alphabet of 'Sy is 'Eg. Hence, it holds that ‘Gg||'Sg = ‘Gg x 'S, where “x”
denotes the product of two automata (see [16]). Thus, according to the product definition, it
holds that 'Higs (('gr, ‘g, 5)) = Hr('qr) N 'Hg,s('gr,s), where 'Hp/ s is the active event
set of the automaton ‘Gg||'Sg. Since ZHRS( qrs) C ZHR( 'gr), it is observed that the
following equality holds true: Hgys(('9r,'qr,s)) = Hgr,s('qr,s)- The transition of ‘G

from 'qr 1 to 'grp can be accomplished only through a pick event, i.e., an event of the
set {i lep,i2ep, ii—lepp iep p}- In what follows, the restrictions of the superv1sors and the
automata "G, 2G,, IG, and I 1G to all possible transitions from ' IR 2 to! IR will be
investigated by considering four different cases, for the arrival from 'qr ; to 'qr». Taking
into account the accessible states of the synchronous product in (49a), it is observed that if
IGpg is in its initial state iq R1, then ISy is in its initial state iq R,s1. Thus, the transitions from
igr1 to 'qRr 2 through a pick event corresponds to the transition of 'Sy from igg 51 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 ‘q rR1 to ‘q R2s through the event "lep is
1nvest1gated Regardlng G r|I 'S R/ itis observed that if the event “lep takes place, then IGr
arrives at 'qg » and iSg arrives at ‘qg 5 3. Note that 'Hg s(‘gr 53) = {"'epp}; thus, it holds
that 'H R|| s("qr2,'qr83) = {1 lep p}. Regarding the rest supervisors, i.e., the supervisors
IS, "1Sp, and 28, it is observed that their alphabets do not contain the event epp.
Regarding the automata ilG., "2G,, and ""1G, it is observed that their alphabets do not
contain the event “egp. Thus, these supervisors and the automata i1G,, G, and -1G
do not restrict the transitions of the synchronous product in (49a) through the event epp.
From Figure 13, it is observed that if S isin iq 5,1, then if the event ilep takes place, then
the supervisor ‘S arrives at /g ». Clearly, it holds that ‘Hs('gs,) = {"epp}. Regarding ‘G,
it is mentioned that its alphabet contains the event iiepp. From Figure 3, it is observed that
if /G is in /gy, then if the event “!ep takes place, then ‘G stays in 'q;. Clearly, it holds that
H('qy) = {¥epp}. Regarding ‘G|['G||'Sg||’S, it holds that

"HL (iqR,z,iQR,s,aliq1,ith,z) = iHR||s((iqR,2,iqR,s,3)> N'H('q1) N"Hs('gs2) = {"'enp}

Thus, the transition of ‘Gz from iq R2 to iq R is feasible through Wepp. If iG or 'S are
not in iqq or iqg 1, respectively, i.e., it is in a state where the event “¢p is not an active event,
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then no transition of the synchronous product Gr||'G||'Sg]| S will take place through the
event “lep, and consequently IGg will be in the marked state qr1-

Case 2: The transition from the initial state ‘g ; to ‘gr o through the event i2ep is
investigated. Regarding ‘GR||'Sg, it is observed that if the event “2ep takes place, then
iGpg arrives at g, and 'Sy arrives at ‘g s 5. Note that 'Hg s('gr s5) = {“lepp}; thus,
it holds that iHRHs ((qr2 'qrs5)) = {"~'epp}. Regarding the rest supervisors, i.e., the
supervisors i§,118 ), and 28, it is observed that their alphabets do not contain the event
i=lepn. Regarding the automata i1G,, G, and ié, it is observed that their alphabets do
not contain the event “egp. Thus, these supervisors and the automata ilG,, 2G, and 'G
do not restrict the transitions of the synchronous product in (49a) through the event " Wi=lepp.
From Figure 13, it is observed that if S is in i p 1, then if the event "/~ le BD takes place,
then the supervisor iSp arrives at ‘qB s,4- Clearly, it holds that Hpg 5(‘qB 54) = {i i1 esp}-
Regarding "G, it is mentioned that its alphabet contains the event " i=lepp. From Flgure 3,
it is observed that if I=1G is in /gy, then if the event “2ep takes place, then i-1G stays in iq;.
Clearly, it holds that " 'H(1q;) = {¥lepp}. Regarding ‘Gg||""'G|['Sg|['Sp, it holds
that

Hig |16 |[isg 'S5 (iQR,Zr iIJR,s,5,i_1ql,iQB,s,4) = iHRHs((iqR,z/iQR,s,s)) NTH( 1) N Hp (91, '9,54) = {7 esp}

where 'H Hig Alli- 1GH’SRH’SB( e -,-)denotestheactiveeventsetsofthe statesofiGR||i_1(~}\|iSR\|iSB

Thus, the transition of ‘G from * q Ro to! q R, 1, under the 1nﬂuence of 71G, IS r and 'Sg,
is feasible through i-lepn. If -1G is not in ! ql or !Sp is not in q B,s,4, the automaton
Gr|[""1G||'Sr||'Sp is in a state where the event “Zep is not an active event and no transition
of \GR||"1G||'Sg||!Sp will take place, through the event 2ep. Consequently ‘G g will be
in the marked state iq R1-

Case 3: The transition from the initial state Aq R to bq R2 through the event 1~ lepp
is investigated. Regardmg 'GR||'Sg, it is observed that if the event "~lepp takes place,
then /Gy, arrives at qr2and’ 'Sy arrives at 'qg 5. Note that ‘Hp s(qrs2) = {"'ep}; thus,
it holds that ZHR”S ((qr2.'qrs2)) = {"lep}. Regarding the rest supervisors, i.., the
supervisors iS,1S 5,18, and S, it is observed that their alphabets do not contain the
event lep. Regarding the automata 2G,, ié, and i’lé, it is observed that their alphabets
do not contain the event “!epy. Thus, these supervisors and the automata i2G.,'G,and "1G
do not restrict the transitions of the synchronous product in (49a) through the event “lep.
Regarding 'G,, it is mentioned that its alphabet contains the event “lep. From Figure 2,
it is observed that if “!G. is in (iflql, iflq s1), then if the event i-lepp takes place, then
“1G. stays at ("1q1,"qs1). Clearly, it holds that “'H (("'41, "' qs,1)) = {"'ep}. Regarding
it holds that

H, (iQR,zliQR,s,zf( 5]1/ ¢15 1)) = iHRHS ((iqR,ZriQR,S,Z)) ﬂi’ch((i’llh,i’l%,l)) = {i’leD}

Thus, the transition of ‘G from ig Rro to! 'q R is feasible through Wlep. If "1G, is not

( q1," q s1),1.e., itis in a state where the event " i-lepp is not an active event, then no

transmon of the synchronous product Sy will take place through the event
ii-lppn and consequently IGg will be in the marked state qr1-

Case 4: the transition from the initial state ‘gr 1 to 'gr 2 through the event “epp is
1nvest1gated Regardmg e Rl \’S R, 1t is observed that if the event “epp takes place, then iGr
arrives at 'qr > and ISk arrives at igg 5 4. Note that 'Hg s(‘qr s4) = {*?ep}; thus, it holds
that ‘H RIlS (('qr2,'q9r,54)) = {"*ep}. Regarding the rest supervisors, i.e., the supervisors

i§,185,18 ), and 28, it is observed that their alphabets do not contain the event i2ep
Regarding the automata ilG,, iCNJ, and i’lé, it is observed that their alphabets do not
contain the event “Zepy. Thus, these supervisors and the automata ilG,, ié, and 71G do
not restrict the transitions of the synchronous product in (49a) through the event “%ep.

Regarding "G, it is mentioned that its alphabet contains the event ?ep. From Figure 2,
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itis obseryed that if G, is in (i'qu, i'zq S1)s then if the event liepp takes place, then 2G,
stays at (?qq,'?qs1). Clearly, it holds that “*H.((*?q1,"?qs1)) = {*’¢p}. Regarding
it holds that

"He (iqR,zliQR,sA,( q1," qgl)) = iHRHS((i‘JR,zriQR,SA)) ﬁi’zHc((i’quri’ZQS,l)) = {ep}

Thus, the transition of Gy from iq R2 to iq Rr,1 is feasible through 26, If 2G, is not in
(‘ q1, é qs 1), respectively, i.e., it is in a state where the event iig BP is not an active event,
then no transition of the synchronous product
event “"epp, and consequently iG g will be in the marked state ! q R1-

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 ‘G will arrive at the non-marked state ! grp2- The return from 'qr o to 'qr 1 is
always allowable through a drop event. Hence, ‘G, is a nonblocking automaton. [J

Appendix B

Proof of Theorem 4. Any state of "*1G, is of the following 2m + 7-tuple form

1,1 1,1 1, 1, 1 1 1,2
R (", gs), L (Mg, g 6), g, " g rs, " gB,s, " aDs) €

n+1QR X (n+1,1@ X n+1,l@s) X oee X (n+1,m@ X n+l,m@s) % n@m X n+lQR,S % n+1@B’S % n+1/2@D,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 "G, to "t1"G.
and "G are marked. Thus, the characteristic of a state of "+1G, to be or not be a marked
state depends entirely upon the state of "*!Gg. Hence, for "G, to be a nonblocking
automaton, it suffices to prove that

1 1 1,1 1,1 1, 1, 1 1 1,2 1 1
"HH, (”+ qr, ("M, g, (Y, g 6), M, R s, g s, ¢7D,5> N"MHR (") # @

where "*1H,(-) is the active event set per state of "*'G, and "t'Hg("t!qr,) =
{ntllep, ntl2ep, .. LMo nHlepn Y In other words, it suffices to prove that when
the robotic manipulator picks a product, i.e., the automaton "*1Gy, is in the state "*!qg 5,
then a drop event is always in the active event set of the respective state of "*'G,, thus
allowing the robotic manipulator to drop the product and consequently the automa-
ton "Gy to return to the marked state iqg 1. The alphabet of "*1Sg is "*1Eg. Thus,
n+1HR||S ((n+1q n+1qR S)) — n+1HR(n+1qR) N n+1HR,S(n+1QR,S)/ where n+1HR||S is the
active event set per state of ""1Gg||["*1Sg. Since "t Hpg 5("Tlgr s) C "HHr (" gg), it is
observed that "*'Hg s ((""'qr, "t 1qrs)) = "t'Hrs(""'qr,s). The transition of "*!Gg
from "*1gg 1 to "T1gR > can be accomplished only through a pick event, i.e., an event of
the set {"T1epp, "t llep, mH12ep . nFLMepY In what follows, the restrictions of the su-
pervisors in (49b) to all possible transitions from "*1gz, to "Tlgg 1 in the synchronous
product (49b) will be investigated by considering all possible cases for the arrival from
”‘Hq R1to ”‘Hq r,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 "*1Gy is in its initial state ""1qg 1,
then "*1Sp is also in its initial state "*1g 5 1. Thus, the transition from "*!qg 1 to "*lqg 5,
through a pick event, corresponds to the transition of "*1Sy from "*1gr 5 1 to one of each
m other states.

Case 1: The transition from the initial state "*1gg 1 to "*1qg » through the event "*1lep
is investigated. Regarding "*1Gg||" 1Sy, it is observed that if the event "1 lep takes place,
then "*1Gy arrives at""1q , and "*1S arrives at " *1qp g 3. Note that "1 Hg s ("*1gr s 3) =
{"13ep}; thus, it holds that " 'H g s ((""qr2,""'qr,s3)) = {"*!7ep}. Regarding the su-
pervisors "T1Sp and 128, it is observed that their alphabets do not contain the event
"+13ep. Regarding the automata "+11G, "t13G, to """ G, and "G, it is observed that
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their alphabets do not contain the event "*13¢p. Thus, the supervisor "*1Sp and "*12Sp,
as well as the automata "t11G,, ..., "t1"mG,, and ”é, do not restrict the transitions of
the synchronous product in (49b) through the event "*13ep. Regarding "*12G,, it is ob-
served that its alphabet contains the event "*13¢,. From Figure 2, it is observed that if
"H12G, is in ("T1241,"T12g5 1) and the event "l lep takes place, then "T12G, stays at
("t12g,,m12g4 ). Clearly, it holds that "TV2H, (("*12q1,""12q5 1)) = {""1%ep}. Regard-
ing "T1GR||"T1Sr||"T12G,, it holds that

+1 +1 +1 412 nt12 _n+l +1 +1 +1.2 412, n+12 _ 413
" Hc(" ar2," " qrsz (" oq1," qS,l)>—n HRHS((n qr2," qza,s,a))ﬁn Hc((" am" %,1))—{” ep}

Hence, the transition of "1Gy from ”Hq R2 to ”+1q Rr,1 is feasible through n+13e. If

"H12G isnotin ("T12g,, 1244 1), then it will be in a state where the event "+ 1lep is not an ac-
tive event and consequently no transition of the synchronous product "*1Gg||"*1Sg||"+1?G,
will take place through the event "*11ep. Subsequently the automaton "*!1Gy will be in
the marked state "*!qp 1.
Case 2: The transition from the initial state "*1g R to n+lg r2 through the event
ep is investigated. Regarding "H1GRr||"+1Sg, it is observed that if the event "+12ep
takes place, then "Gy arrives at "*1gg, and "t1Sy arrives at "Tlqg 5 ,,12. Note that
"HHR s ("R s mr2) = {7 epp}; thus, " Hgy s (("Tgr2, "R S me2)) = {"T e}
Regarding supervisor "*12S, it is observed that its alphabet does not contain the event
"+ pp. Regarding the automata "*11G, to "1 G,, it is observed that their alphabets do
not contain the event "+1"epp. Thus, supervisor "*12Sp and the automata "G, ... .,
and "*1G, do not restrict the transitions of the synchronous product in (49b) through
the event ""17epp. From Figure 13, it is observed that if "*!Sp is in "ggp and the
event "*12¢p takes place, then the supervisor "*1Sp arrives at ""lg 5 5. Clearly, it holds
that ""1Hp s("*1gp52) = {"t1"epp}. Regarding "G, it is observed that its alphabet
contains the event "*1"¢5p. From Figure 3, it is observed that if "G is in "g1 and the event
"+12¢ 1 takes place, then "G will stay in "g;. Clearly, it holds that "H("q,) = {"*1"epp}.
Regarding "T1Gg||"G||"+1Sg||"+1Sp, it holds that

n+1,2

n+1 n+1 n+1 n n+1 _ n+l1 n+1 n+1 n n n+1 n+1 _ n+ln
Hc( arR2 " qRSmy2 q1, %&4)— Hgys (" qr2"" qrsm+2) N"H(*q1) 0" Hp (" qp,s4) = {"" "epp}

Hence, the transition of "*1Gy from "Hq R2 to ”Hq r1 is feasible through ntlngsns.

If "G is not in "g, or "+1§p is not in ”+1q B,s,1, both automata are in states where the
event "*12¢p is not active and consequently no transition of the synchronous product
"H1GR|["G| "SR || 1S s, will take place through "12¢p. Subsequently "+1G g will be in
the marked state "*!qg 1.

Case 3: The transition from the initial state """ qg 1 to """gr » through n+Ljep, where
j€{3,...,m—1},is investigated. Regarding "*1Gg||"*1Sy, it is observed that if "*1/ep
takes place, then "*1Gp arrives at "*lgg, and "*1Sy arrives at "*1g Rs,j+1- Note that
n+1HR,S (n+1LIR,S,j+1) — {"+1'j+1eD}. Hence, nHHR,R (n+1qR’2, n+15]R,S,j+1) — {"+1’j+1eD}.
Regarding the supervisors "*1Sp and 128y, it is observed that their alphabets do not con-
tain the event "*1/+1e . Regarding the automata "G to "+1/—1G "t/ +1G, to "1 G,,
and "G, it is observed that their alphabets do not contain the event "*1/+1ep,. Thus, the
supervisors "*1Sp and "*128p, as well as the automata "*1G,, ... "Tli-1G " Tlit1G,,

., "LmG and "G, do not restrict the transitions of the synchronous product in (49b)
through the event "+1/*1ep. Regarding "*1/G,, it is mentioned that its alphabet contains
the event "*1/*1ep. From Figure 2, it is observed that if "G, is in ("*1igq,"*1/g51) and
the event "*1Jep takes place, then "+1/G, will stay at ("+1/qy,"*1igg ). Clearly, it holds
that "tV H, (("*Vigy, " igs 1)) = {"T1i*lep}. Regarding "F1Gg||"F1Sg|["+1iS, it holds
that

n+1 n+1

1 1 1 1,7 1, _ 1 1 1 1, 1,i 1,7 _ 1,j+1
mt Hc<"+ ar2" g s, (g, ’%,1)) ="t HRHs(("+ qr2 "t ‘7R,S,j+1)> Nt ]Hc<("+ Tq1,"" ’GIs,l)) = {"H*ep}
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n+1HC <ﬂ+1qR 5 n+1
27

Thus, the transition of "T1/G, from ”Hq R2 to "Tlgg 1 is feasible through "+1/*lep. If

LG isnotin ("t1igy, "t ligg 1), then "TLIG, is in a state where the event "1/ep is not
active and no transition of the synchronous product "*1Gg|[**1Sz||"*1/S will take place
through the event "+1/ep, and consequently "+1G will be in the marked state "*lqp ;.

Case 4: The transition from the initial state "*!qr 1 to "Tlqg, through the event
m+limep is investigated. Regarding "1Gg||" 1Sy, it is observed that if the event "+1"¢p
takes place, then "*1Gy arrives at "*1g r2 and n+1gy arrives at "tlg Rsm+1- Note that
n+lHR,S (n+1qR,S,m+l) — {n+l,2€D}. Hence, n+1HR,R (n+1qR’2, n+lqR,S,m+l) — {n+l,2€D}'
Regarding the supervisors "*!Sg and "*12S, it is observed that their alphabets do not
contain the event "+12¢p. Regarding the automata "t11G,, ... "t1"-1G,, and "G, it
is observed that their alphabets do not contain the event nt, zeD Thus, the supervisors
141G ; and "t128 5, as well as the automata "t11G,, ... "t1M-1G_ and "G, do not restrict
the transitions of the synchronous product in (49b) through the event "*12¢ . Regarding
n+lmG it is mentioned that its alphabet contains n+126 5 From Figure 2, it is observed that
if ""IMG s in ("F1mg,, "M g4 1) and the event "1 ep takes place, then the supervisor
mHLmG will stay at ("+t1gq, "T1M g4 1). Clearly, it holds that " TV H, ("1 g, "y 1))
= {"*12¢p}. Regarding RI["T"G,, it holds that

1 1 _ 2
qrsm1, ("1, "qum)) = n+1HRHS<(n+1qR/2rn+1‘7R,S,m+l)) ﬂHl’m]EIc(("Jr "1, "’%,1)) ={""ep}

Hence, the transition of "t1Gy from "t1gg , to "tlgg ; is feasible through "*12ep. If
qRr, IR, &

MG, is not in ("F1Mgq,"FlMg g 1), then it is in a state where the event "¢ is not
an active event and consequently no transition of "*1G|["T1Sg || 1" G will take place
through the event "+1¢p. Subsequently, "*1G g will be in the marked state "*!qg ;.

Case 5: The transition from the initial state "*1gg 1 to "+1gg » through "*1"epp is inves-
tigated. Regarding H1GR||" 1Sy, it is observed that if "1 epp takes place, then "+1Gg
arrives at "*lgg , and "*1Sp arrives at "*lqp 5. Note that "' Hpg s("Tlgr s2) = {"*lep}.
Hence, "M Hp s ((""qr2, " 'qr,s2)) = {"*'ep}. Regarding the supervisors "+!S and
nt+l2g D, it is observed that their alphabets do not contain the event ntll, p- Regarding the
automata "+12G, to "G, and "G, it is observed that their alphabets do not contain the
event "t1lep. Thus, the supervisors 1Sy and "+12S, as well as the automata "*1'1G,
to "t1MmG, and "G, do not restrict the transitions of the synchronous product in (49b),
through the event "*1lep. Regarding "*'1G,, it is mentioned that its alphabet contains
the event "*11ep. From Figure 2, it is observed that if "G, isin ("*11g;," g5 1) and
the event "¢ pp takes place, then "t11G . will stay at ("*11q;,"+1145 ;). Clearly, it holds
that n+1,lHC (("+1’16] n+1, 1‘15 1)) — {"'H’leD}. Regarding n+1GR| |n+1SR| |n+1,1GC, it holds
that

1 1 1 1,1 1,1 1,1 1,1
"HH, ("HWR,L”HL]R,SQ,("H’lq S, 1)> =" szus(("+ qr2"" qR,s,z)) e Hc(("+ A1, s, 1)) ={""ep}

Hence, the transition of "G from "*1gg , to "*1gg 1 is feasible through "1 1ep. If
"tL1G isnotin ("t gy, " 1gg 1), then it is in a state where the event "+1"epp is not an ac-
tive event and consequently no transition of the synchronous product "*1G||"*1Sg||"*1G,
will take place through the event "+17"ep. Subsequently, "*1G will be in the marked state
n+1 GR1-

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 "*1Gp will arrive at the non-marked state "*!qr,. The return from "*!gg,
to "t1ggr is always allowable through a drop event. Hence, "*1G, is a nonblocking
automaton. [
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