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Abstract: This paper proposes a novel supervisor for automated manufacturing systems (AMSs) using finite state
automata (FSA). The synthesis method is useful for obtaining a legal supervisor, but the transitional method cannot
prevent state explosion. Therefore, this paper uses a new synthesis policy to significantly reduce the number of illegal
states. The proposed method effectively controls the inherent problem of exponential numbers of states by using the
conventional method. In addition, a real world AMS is introduced to significantly improve performance efficiency.
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I. Introduction

An AMS is a complex mechanical system capable of
fabrication, machining and assembly operations, and entails a high
degree of resource sharing [1]. It comprises many interrelated
combinations of subsystems, including treatment stations,
transport systems, communications systems and monitoring
systems [2]. By integrating computer systems and hardware, AMS
provides manufacturers with enhanced flexibility and efficiency.

The interacting parts and event interaction in an AMS
require communication and information dissemination
characterized as a system synthesis process that can raise a state
explosion problem where the number of states in the global
system model grows exponentially with the number of
subsystems [3]. The state explosion problem is a complex and
important issue in discrete event systems (DESs) [4][5].

This paper proposes a novel approach based on [6] to
reduce the computational complexity of the synthesis process and
the supervisor policy size (i.e. the number of feasible states) for
AMSs. Moreover, to address the exponential state problem, we
also develop another novel synthesis method to enhance
modeling efficiency and to reduce the state explosion problem
using leader event (LE) and follower event (FE).

The remainder of this paper is organized as follows. Section
Il introduces some relevant concepts, notations and properties of
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FSA. Section Ill shows our proposed new synthesis method of
AMSs. Discussion and conclusions are presented in Section IV.

IL. Preliminaries
2.1. Basic Concepts of Automata

A deterministic finite automaton (DFA) is represented by the
5-tupleA=(Z, Q, qo, §, F) where X is a nonempty finite set of events,
Q s a nonempty finite set of element call states, go € Qs an initial
(or start) state, that is, the automaton state when no input has yet
been processed, & is a state transition partial function given by &:
Q x 2> Q, where the Cartesian product x means that an ordered
pair of elements from Q and 2 is mapped into an element of set Q,
and the term “partial function” means that the function 6 may not
be defined for all ordered pairs that can be created of the sets Q
and Z, and Fis a set of final states given as a subset of Q: F— Q
called accepts states, where F can be the empty set. A sample
transition diagram of a finite acceptor is shown in Fig. 1.

There are two states go and g1. The initial state, qo, is the
designated start state and the second state, g1, is a designated final
state, respectively indicated by an inward-pointing arrow and a
double circle. The alphabet % is defined as {a, B}. This automaton
describes the language where all strings contain an odd number of
the symbol a, for it is only with an input string that satisfies that
restriction that the automaton will end up in state ga. In Fig.1 we
mark the initial state by an inward-pointing arrow, and the
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terminal states by double circles. In this example, it is rather easy
to seethat 2 ={o, B}, Q=1{qo, g1}, F={q1}. The transition function &:
Qx2->Qisgiven by

8(qo, B)=q0, 6(qo, o) =1
&gy, B)=a1, 8(g1, a)=qo

Thus, the function 6 can be represented either graphically as
arcs, as in Fig. 1, or textually as a table, as in the following Table 1.

Fig. 1. A deterministic finite automaton.

Table 1. Transition table of DFA.

State/Event B a
qo qo q1
aqi aqi qo

2.2. Basic Definitions for Synthesis

Definition 1. [7] The FSC of n automata M1, Ma...M, is
denoted M1|| M; || ||anhere

s=xluz?u...3" (1)
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and the transition function is 5 ((¢*, ¢%.., @™, ©) =

undefined if 3 Ak :oezk /\ael“k (qk)

<q1+’q2+qu+>otherwise )
where
qk+:5k(qk’0) if aer"(qk)
o if oesk (3)

Based on the definition above, the FSC of two automata M,
M is defined as M = M1 || M.

Definition 2: A string w €2* is accepted by the DFAA=(Z, Q,
qo, &, F) if 8*(qo, w) € F

Definition 3: The language L(A) accepted by the DFA A = (3,
Q,qo0,6, F)isL(A)={w €2* | 6*(qo,w) € F}

Definition 4: A marker state (sometimes referred to as an
accepting state) is a state at which the machine has successfully
performed its procedure.

Definition 5: An event of a DFA that can trigger an event
called a leader event (Le).

Definition 6: An event of a DFA that can be triggered by a
leader event called a follower event (F).

Definition 7: A follower event (Fe) exists if its leader event (Le)
exists.

In this paper, we use a long dashed line to connect a Lr with
a Fe. The long dashed line begins from the Leand ends at the Fz. In
Fig. 2, the event (1) is called the leader event of the event p(y). On
the other hand, the event p(y) is called the follower event of the
event f3(t). Notably, leader events and follower events are located
in different automata.

Fig. 2. Relation beween leader and follower events.

Definition 6 suggests that Le and F= will be presented by a
pair form and they are placed in different DFAs. Here, we use the
notation Eir to represent the pair events of (L, Fe) (i.e. Eir= (Lg, Fe)).

A Fe can be triggered if it satisfies the following two
conditions: 1) Eir = (L, Fe) exist; 2) Le happens and Feis in an actual
node.

The machine switches from state to state based on what
symbolis read at each point. If the machine ends up in one of a set
of particular states, then the string of symbols is called a legal state
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(Fi) (or is said to be accepted). If it ends up in any other state, then
the stringis an illegal state (Fi.) (i.e, not accepted).

A feasible event that is one which can be deterministic, and
the action of the machine is completely determined by its current
state and current input and no choice is allowed. In addition to
being deterministic, an arrow must leave a given state for each of
the input letters; there can be no missing arrows or the event is
infeasible event.

IIL. Supervisor Synthesis

This section proposes a novel synthesis method to improve
the state explosion problem. A real case of AMS is used to test the
proposed synthesis method. We first introduce how to model one
real-world AMS.

3.1 Modeling One AMS

The components of one real-world AMS are shown in Fig. 3.
This AMS consists of robots, a CNC (i.e., CNC lathe and CNCMC), a
flexible assembly system (FAS), an automated storage and retrieval
system (AS/RS) unit, a conveyor and coordinates measuring
machines (CMM).

B
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Fig. 3. Real World AMS layout.

For convenience, the behavior specifications of the AMS are
described in terms of one component (shown in Fig. 4.). The plant
model is based on the manufacturing system resources and their
states. Resources may be machines, robots, transporters, and
other equipment used to process parts.

In our modeling framework we constrain each resource to
have unit capacity. The plant model describes the possible states
of the plant and the transitions that link those states. An example
of a plant is shown in Fig. 4, where the plant is composed of three
resources, two machines (M1, M) and a robot (R). The plant FSA
model is shown in Fig. 5.
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Each major component of the behavioral specifications is
listed below

M is used to transport pallets to give R for loading.

Robot (R) is used to load and unload the pallet between M,
and M. In other words, R has two processes: i) it is used to load
working in piece from the pallet to M, ii) it unloads working in
piece put on the pallet from M2 when M: finished it’s processed.

R M,

i

pallet

Fig. 5. Three simplified FSA models of M1 (a), R (b) and M (c).

Here, we explain the relation specifications as follows;

M the specification of M is given below (i.e. Fig. 5a):
® initially M1 is in idle state (/);
@® supervisory instructions are issued after a pallet enters (E); it
remains in idle state and passes state (/P) when there is not a pallet
enter;
@ if a pallet has entered the workstation state (W) then it starts
work; if no pallet has entered then it passes (WP);
® V. moves to work finished state (F) when the M- process end;
and
® the pallet enters the moving out state (O), followed by state /.
R: the specification of R is given below (i.e., Fig. 5b):

() initially Ris in idle state (/);
(] if a pallet has entered the workstation then loading (L) starts;
(] if R loading ends then the cell control supervisor feeds the

command for M. to initiate the enter process state (WP);

® Ris in waiting state (W) when the M process starts;

(] R enters the finish process state (FP) when it receives the M
finished process message; and

() In the meantime, unloading (U) starts followed by the idle
state.

M: the specifications of M- are depicted in Fig. 5c:

L] initially M is in idle state (/);
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° when M. is in the ready state (R), M2 will receive a work
command from the supervisor; and
® M process (P) begins.

The transition arcs that connect the states are labeled with
the events that cause a change in state. These events are the

alphabet from which strings (sequences) of events may be formed.

The events are described by the notation &1, &, etc. Their events
are explained in Table 2.
Table 2. Notation of Events of Fig. 5.

Event Interpretation Action sequence
é1 moving in start (1)
& moving in complete ()
& passed start \
é4 passed complete \
és processing end (9)
& moving out start (10)
. moving out
“ complete (1)
és loading start (3)
&9 loading end (5)
€10 R waiting (6)
én R finishes process (7)
én unloading start (8)
é13 processing start (9)
1 M- available (4)
é1s M start (6)
é16 Mz end (7)

un n

For example when “é1” occurs, equipment M state is being
moved from state / to state E. In this application, all events are
controllable events.

For a manufacturing plant, the initial state is the idle state and, after
all production is completed, the plant is idle again.

3.2. An Efficient Synthesis Method

In any interactive application, the use of a formalism
describing the system's dynamics is of capital importance [9].
Indeed, modeling is all the more necessary since it provides formal
analysis techniques which make it possible to prove the design
properties before implementation [10,11].

Our new synthesis method is described as follows. Our
method adds Lt and F: to the original net. From the above
discussion, a new interactive model of the plant is constructed in
Fig. 6. It uses the dashed line to connect two events of the same
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name, where the dashed line is denoted by Lr and the solid line is
denoted by Fe.

The FSA of Fig. 6 has Lt with Fg, e.g. é10 has a Fe é:s. This
means that, when event éi occurs, equipment R and M: are
respectively changed to state W and P form WP and R. Here,
equipment M is still held at state W. That is, M1>8(W, €) = W,
R->8(WP, é10) = Wand M2—>6(R, é15) = P.

Cell Control Supervisor

Fig. 6. Interactive events diagram.

This interactive event diagram is constructed by combining
the component of the plant with the corresponding states of Fig.
5. The interactive event diagram process is determined as
described above in Section 3.1. Our goal is to further reduce the
size of the state space. This approach to state space reduction
saves computational time without restricting the marked
language of the coupled system. Finally, the following steps
describe how to synthesize a net by using this method:

Algorithm.1: FSC method
Given a DFA:
Step 1: Find all strict states of a given DFA.
Step 2: According the DFA specification, remove the illegal
states Fi.
Step 3: Mark the distinguishable state pairs.
To fulfill this task, this method first marks all pairs Fi; Fi, where
Fi ¢ Fand F € Fare distinguishable. Next, we proceed as
follows:
repeat
for all non-marked pairs Fi; Fido
for each letter do
if the pair (Fi; ®),( F; ) is marked
then mark Fi; Fi
until no new pairs are marked

AUSMT Vol. 8 No. 2 (2018)
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Step 4: Construct the reduced DFA.

Please note that, in traditional theory, computation is a
critical task for the development of synthesis policies. In a general
case, the solution to synthesis depends on the reference to the
original DFA specification and removes Fi which imposes time-
consuming computation for a large-size net. Hence, when the
number of such states is large, it leads to a much more structurally
complex FSA supervisor than the plant model.

IV. Experimental Result and Comparison

One classical example is used to evaluate our proposed
method, as shown in Fig. 7.

Cell Control Supervisor

! I 4 !
ls)
(20

— L DD>F

Fig. 7. An example of [6] interactive behavior diagram.

In Fig. 7, the machines initially should be in idlle (I, /) state, and
B is empty (E), respectively states /, E and /. For example, when
event Sazoccurs, equipment Az is changed to state W from /. At this
time, equipment Band Az are still respectively held at state Eand /.
Thatis, A1—=> &8(/, sa1) =W, B> &(I, &) =Eand A2—> &(/, €) =1, etc.

Depending on what event happens next it may either:
ACTION(1):

Au. Initially it is idle in state /. Once it starts operating, i.e., the
event sa1 occurs, its state changes to W and equipment B and Az
are still respectively kept at states £ and / due to empty event &.
That is, A1>8(l, sa1) = W, B>6(E, €) = E, A>—>6(/, €) = .

ACTION(2):

(] When event fa1 occurs, Aichanges its state to working (W),
if it successfully finishes its work cycle (F). That is, A1—>6(W,
fu)=1, B>8(E, fa) = F, A>>8(l, €)= I; or

° When event ba: occurs, Aichanges its state to down (D), if it

breaks down (bai). That is, Ai->8(W, ba1) = D, B->8(E, €) =E,

Ax->8(/, €) = I. Then A1 is repaired and returned to service

(raz), bringing the machine back to its idle state (/).
ACTION(3):

www.ausmt.or
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When event sa2 occurs, Band A2change their states to £ (W)
and equipment Az is still kept at state / due to empty event €. That
is, A1>6(l,€) =1, B->8(F, sa2) = E, A2>68(1, sa2) = W.

ACTION(4):

®  When event sas occurs, Archanges its state to working (W),
if it successfully finishes its work cycle. Equipment B and Az
are respectively kept at states £ and W due to empty event
€. Thatis, A1>6(l,sa1) =W, B->8(E,€)=E,A2>6(W,g)=W,
or

When event fa, occurs, A2 changes its state to idle (/), if it
successfully finishes its work cycle. That is, A1—>6( /, €) = W,
B—>6(E, €)= Eand A:>8(W, fa2) = 1.

When event ba2 occurs, A2changes its state to down (D), if it
breaks down (baz). That is, A1>6(/, €) =1, B->8(F, sa2) = E,
A2>6(W, ba) =D.

And Az is repaired and returned to service (ra2), bringing the
machine back to its idle state (/). That is, Ai—>8( [, ra2) =1, B->6(E, €)
= E, A->8(D, ra2) = 1,; or event saz occurs, Aichanges its state to
working (W). Thatis, Ai>8(l, sa1) =W, B->6(E, €) =E, A>>8(W, €)
= D. Then A; is repaired and returned to service (r2), bringing the
machine back to its idle state (/), and so on.

Using the proposed Le/Fr approach, we can obtain results
identical to those in [12]. Table 3 compares the results of the
proposed approach against all existing approaches to deal with
synthesis in aMS using PNs and FSAs [6,12-16].

The first column of Table Ill lists the references, while the
second one denotes the model used to describe a system and the
interactions between events and states. The third column shows
some key words used to describe the used approach used to
characterize synthesis. The system model is built by merging these
modules through their common transitions and common
transition subsystems. Finally, last three columns respectively
show the AMS type respectively considered in the model, the
complexity of the proposed solution algorithm, and the synthesis
methods.

For instance, there are 146 states (i.e. 133 non-accepted
states and 13 accepted states) using the FSC policy. In contrast, we
can obtain the 13 legal states by directly using our synthesis
method.

The method in [12] formulates a special class of shared-
resource systems with restrictions using structural and behavioral
conditions on PN models. In [13] a PN model with hierarchical
modeling methodology facilitates the modeling task incorporating
a top-down stepwise refinement technique. This approach
necessitates the development of new PN model to represent
primitive rules and another to represent metarules that can be
further refined into subnets.

Zhou et al. [14] focused on the refinement-based PN theory,
using stepwise refinement to reduce synthesis complexity. Based
onthe concept of S-decreases, Chen [15] also presented a method
to calculate the criteria of the admissible markings in the form of
linear inequalities. Furthermore, Zhou et al. [16] presented a top-
down modular approach for the systematic PN synthesis of AMSs.
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Replacing places and/or transitions of the original nets with basic
PN design modules, the resulting refined PN can be guaranteed to
preserve behavioral properties.

Tables 3. Comparisons of different approaches synthesis methods.

Approach to ,
M h
References Sn}:sg; characterize ,:;Z:;j Type of system Complexity s,’;, ':; hf:;s
synthesis
Parallel
Aggregate and Independent s‘j'arau:niir;u(ljI
[12] PN refines the model Multiplex P Polynomial q
rogressively subsystems mutual
P exclusions
Hierarchical ) , Bottom-up
[13] PN control Multiplex Subsystems Polynomial and top-down
techniques
. Large Stepwise
D I
[14] PN ec':(z)n:;:\ollzed Multiplex Polynomial Refinement-
AMSs Based
hi h
[6] FSA Seagia;Ziszs;t ¢ Single Subsystems Exponential FSC
Generalized The concept of
inimal
[15] PN mutual exclusion Multiplex Subsystems Polynomial SLTmIc::taS-
constraint PP
decreases.
Replacing places
and/or TOp down
[16] PN Multiplex Subsystems Polynomial modular
transitions of approach
original nets
Referring to the
P Th f
AroF;gZecﬂ FSA specific Single Large AMSs Original ¢ Cfr/]f_em °
PP application e
particularly focused on one of the major issues which have
Conclusions received wide attention in the context of automated

This paper proposes an efficient synthesis method for
AMSs based on automata approaches. The different models and
synthesis policy techniques are presented in their historical
evolution to describe the development of resolution methods
over the last ten years. Indeed, starting from the analysis of
deadlocked operating systems, solution methods have been
specialized for AMS and for component structures, which are
increasingly complex. Tractable synthesis techniques show the
most promise for reducing complexity and preventing the state
explosion problem while achieving desired system performance.
Synthesis methods build the models systematically and
progressively such that the desired properties are preserved all
along the design process. Hence, research studies have

@ www.ausmt.or;

manufacturing.

The main advantages of the proposed approach include:

1. It controls the inherent problem of the exponential states
which arises from the conventional method.

2. It reveals the underlying relationships among different
FSA component models, and provides a refined model for system
synthesis.

3. It preserves modularity, thus avoiding computational
complexity which would necessitate the development of a new
model framework.

4. Amodular supervisor is easier to understand.

Future work will focus on the further development of less
complex synthesis techniques for practical system synthesis
problems.
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