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Abstract: This paper proposes an implementation of a
modular  system paradigm (motvation, statement and
architecture) based on Discrete Event System Specification
(DEVS) formalism and Petri nets. Using Petri nets, an
algebraic approach is made to modelling discrete event
systems at the structure level of system specification. This is
a systematic method supporting the development of Petri
nets-based models. It could be viewed as an alternative
method to the graphical constructions enabled by the Petri
nets formalism, which will allow a concise representation of
large complex systems. Current research results in defining a
model base concept, the atomic components of which
specifically interpret the standard entities of the concerned
discrete event system, are also presented. The paper dwells
upon the limited number of components of the first layer of
the model base. which generally will do for a wide range of
discrete  production  systems. A step-by-step synthesis
procedure of a new model results from using two available
composition rules and the enhanced ability of mastering
various ways of managing resources: scheduling. routing,
etc. A practical example is provided to show how this formal
approach does work.
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1. Introduction and Motivation

The complexity of present-day manufacturing
systems (MS), where many processes evolve
concurrently and share common resources, is by
now an unescapable reality. Some considerations
about the decision-making dimension of such
complex architectures and the benefits of a
generic modelling approach, based on some
general problem-solving framework and on
solution re-usability principles in the case of
complex modelling problems, have been
formulated in (Filip and Neagu 1993).

Obviously, to design and size the above-
mentioned systems, claiming for high installation
costs, is essential in their operation. This design
phase could be split into a sequence of tasks as
presented in Figure 1.

This paper deals with the modelling phase of the
system concerned. This is viewed as a discrete
event system (DES). One special note should be
made on the diversity, specificity, and difficulty
of the problems raised by present-day complex
MS that makes it ticklish to attempt at their direct
representation. © Consequently, the models
proposed to understand and handle the above
systems must reproduce their intricate structure
and the multiplicity of their objectives and
perspectives. Thus formal modelling, analysis
and synthesis techniques will support this new
approach. Modelling and simulation as key
knowledge components at all levels of decision
making in modern production systems, are used.
The issues to be tackled are not few.

First the nonability to cope with many aspects at
once which is often a key limitation in the MS
developers’ activity. Having concepts at hand for
developers’ concentration on some part of the
model without being distracted by low-level
aspects of the remaining part, is essential.
Tailoring a model to the demands of specific
applications and modelling a system at different
levels of detail should also be considered.
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Figurel. Major Steps Involved in A System Design Project

Moreover, as the fecling that modelling and
simulation will no longer abide with specialists
only largely insinuates, a second question can be
asked. Will they be at hand for all the actors in
the product life-cycle? Consequently, a new
approach to the modelling and simulation
enterprise, somehow affine with potential users’
environment and knowledge, is proposed.

High attention should also be paid to those
special techniques which spare the engineers’,
designers’ and operation schedulers’ efforts for
learning new representation formalisms. Useless
restarts from scratch when building a new model,
will disappear.

In this perspective, a disciplined and systematic
approach to the modelling and simulation
enterprise is pleaded for.

[n order to model such systems, the designer has
the option of several tools. The reason for using
Petri nets as the mathematical foundation of our
approach, lies in their suitability for the
specification of DES which can be characterized
by parallelism, shared resources, synchronisation,
etc. As a survey of the field shows, the references
on developing Petri nets-based models for
discrete event systems are excessive. If the Pefri
nets-based modelling problem has sometimes
been liable to a systematic treatment (Alla and
Ladet 1986, Silva and Valette 1989, Silva 1996),
the Petri nets models are for sure intuitive
constructions. One major inconvenience is still
that of large graphical representations which
seem to be almost prohibitive for the
development of complex models.

In this perspective, an algebraic approach of a
Petri nets-based modelling of DES is proposed
here in order to avoid graphical models. Given
the definition of two composition rules
(modelling the sequences and the parallel
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operations, respectively), algebraic expressions
will be constructed until an overall model is
obtained. It is only when reaching the last phase
of the algebraic construction that the Petri nets-
based overall model starts be developed. The
authors” current research on the algebraic
structure underlying an incremental approach of a
repository model base concept in the Pefri nets
context, is emphasized.

The remark made by [Bobeanu and Alla, 1997]
that handling algebraic expressions will make
our modelling project much easier to
undertake than handling graphical models, is
of particular relevance to this paper.

Finally, a previously held belief [Bobeanu and
Filip, 1996] still maintains: model inventiveness
should be limited and it may prove useful to
automatically generate the model from a
description of the plant layout, machines,
material handling, storage and retrieval
systems. -

The paper is organized as follows: Section 2
introduces the concepts and abstractions this
approach works with. Coupled models (CM) -
the highest level of Zeigler’s system specification
hierarchy, are discussed. Section 3 proposes an
algebraic approach to modelling DES at the
structure level of system specification as a
systematic  method  for  supporting  the
development of PN-based models. Section 4
focuses on the reinterpretation, under the PN
specific terms, of Zeigler’s repository model base
concept and mode! integration scenario by using
this algebraic approach as a basis. Section 3
provides a practical example on how this formal
approach does apply.
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2. Coupled Models - The
Highest Level of Structural
Specification

As illustrated in [Zeigler, 1976], the structure of
a model can be viewed as a compact description
of its behaviour, thus relating the complexity of a
model to the difficulty met with by a modeller in
unraveling its structure to reveal its behaviour.
He sets forth a hierarchy of levels on which
systems may be specified, ranging from weakly
structured input-output descriptions to highly
structured  network  descriptions.  Actually,
practical model construction proceeds at the
higher levels of the above hierarchy (Coupling of
Systems). Thus a system is viewed as a coupling
of interacting component systems [Zeigler,
1984]. From this definition there follows that we
must provide it with an interface for interacting
with other systems. This interface should
represent events which may occur on the system
boundary.

As Zeigler emphasized, hierarchical synthesis
and re-use of models could considerably be
facilitated if the envisaged objects were in a
proper modular form, ie. a description of a
model so that it shouid recognize input and
output ports which might be used to couple the
model and its environment. Such model
descriptions will enable us to build a new model
using an operation called coupling.

Oren [Oren and Collie, 1980] was the first to
introduce this concept into simulation languages.
According to him “the coupling is the
specification of the input/output interface of the
component models. It is the final phase of model
building, and can be thought of as tying together
component models to form the resultant model”.
As noticed in (Thomas 1994), interfaces should
be seen as controlled gateways in walls which are
hiding the interior of a model. Any attempt to get
information about the hidden model contents or
to influence the internal representation should be
barred. Interface declarations describe the
“surface” of a model (i.e. everything what is
visible from outside).

As said in [Oren, 1984], in equivalencing
external and internal inputs within a coupled
model specification, one has to consider that an
input to the coupled model can be to one or
several component models. Since the resultant
model has its input(s) and output(s) declared, it
can act as a component in a nested coupling - a
coupling involving at least one component model
which is a coupled model. This concept allows
both bottom-up model synthesis and top-down
model refinement.
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Our approach is mainly based on Zeigler’s
concept of coupling of systems (system network,
multicomponent model) which is a structure
consisting in a set of components and a coupling
scheme (a specification of how these
components are coupled to one another and to the
coupled models interface).Neither the set of
components nor the coupling specification should
be seen as constant over time when specifying
structure-variant systems.

An initial component is the component without
influencers. This is the only one which receives
the external input to the multicomponent system.
According to [Zeigler, 1990] the coupling
specification covers:

e external input coupling (the rule used for
setting the input ports of the coupled model);

s external output coupling (the rule used for
sefting the output ports of the coupled model);

¢ internal coupling (the fusion rule of the
output port of one component with the input port
of another one).

A network of component system specifications
surely represents a higher level of structural
specification. Its ability to subsequently peer into
the concerned system should be emphasized.
This means that we know not only the system’s
sets and functions as abstract entities, but the
manner in which these sets and functions evolve
from more primitive sets and functions. This
level of specification will be referred in our
approach to a systematic development of PN -
based models.

Due to their sound theoretical foundations, the
DEVS formalism and the techniques associated
with it have proven to be powerful means for
model management and simulation. The above
concepts apply when considering arbitrary
systems but variations caused by a particular
class of systems being coupled, are also possible.
Treating models as knowledge - re-usable,
archiveable, inspectable - is also pleaded for
[Zeigler, 1990; 1996]. As remarked in [Zeigler,
1990]  “while object-oriented programming
provides the means for implementing knowledge-
based simulation environments”, a model base
(MB) framework “provides the ends to which
these means are applied”. His repository model
base concept and his scenario for synthesizing
new models through retrieval from a MB will
also be referred in Section 4. Special attention is
paid to:

® building block components for application
areas, by searching good “primitives” based on
which a wide range of models can be synthesized
for a given application area;

e hierarchical modular model construction,
enabled by self-containedness with input/ output
ports, both for building block components and



models resulting from the coupling of basic
objects;

e coupling templates as standardised means (o
couple building blocks.

3. An Algebraic View on Petri
Nets - based Coupled Models

Let us continue laying down the formal
foundation  from the preceding Section by
refining the algebraic approach in [Bobeanu and
Alla, 1997]. Actually this approach is a
compactness of PN-based representations. It
allows new applications of Zeigler’s theory. This
is also an alternative to the graphical construction
enabled by the PN formalism, to allow a concise
representation of large complex systems. It is
worth noting that this approach deals only with
the structural modelling of DES, that means an
independence of the net marking and other
environmental parameters (experimental frame).
Petri nets’ conventional representation in terms
of sets and operations on sets is further refined.
Starting with the conventional definition of a
Place-Transition (P/ T) net

N=(P, T, F. W, M)

with the sets P and T (places and fransitions,
respectively), the relation F& (PxTUTxP) (the
flow relation) and mappings W:F—>MN (the
weight function) and MgP—N (the initial
marking). Our approach considers a three
subclass partition of the transitions set, in order
to anticipate new applications of Zeigler’s theory:

T=7={7,17,,7 }, where:

7, - input transitions set
T, - output transitions set

T, - fusion transitions set

Remark 1. The above symbols have been
adopted according to their meaning in the
resulted coupled models developed using this
approach.
The basic primitive of our approach is given in
Figure 2.

Figure 2. The Basic Primitive of A Model

Let this PN-based model be a process with an
input transition, 7i, supplying the input of its
activity and an output transition, 7o, enabling its
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evacuation. This process, marked with symbol 4,
designates a basic sequence.

To manipulate this abstraction gets interesting
when one wishes to form compound structures. A
multiplicative operation (A.B), thereby the
sequences and cyclic processes are described.
and an additive operation (A+B), thereby
parallel operations are modelled, are defined.

a. Sequential operation The attempt to build a
serial model using two models of type A (A
followed by B), leads to the construction in
Figure 3 (a) and denoted 4 . B (4 multiplied by
B). The two models coupling mechanism consists
of:

e The input port (transition) of the model A, Tai,
stands for the input transition of the coupled
model 4.5.

e The output' port (transition) of the model B,
Tho, stands for the output transition of the
coupled model 4. B.

e A transition fusion applies to the pair (7ao,
Thi).

Thus, a2 model having a similar structure with the
model 4 will be developed and this process can
be resumed to develop an arbitrarily large
sequence.

Consider now that we want to have the cycle
depicted in Figure 3 (b) algebraically
represented.  The  corresponding  algebraic
expression is: A4.B.A =(A.B).A. The input
transition of the resulted model is the input
transition of model A (the input element of the
algebraic expression) and its output transition is
the output transition of model 4 (the output
element of the algebraic expression).

ef’ T PeniNelBoscd Models <] Sheetpui 1] e T=i»
~| file Edit Parameters  Simulation ResuMs  Anct  Oplions  Window Help |2
< ad
Tai L. Tao Thi 5 The oL M T }
[ . —~
O o > oA
A B A.B
i b @
AL
b h‘-‘_. A.B.A
o
Ti Pa To

Figure 3. (a) Serial Models and {b) Cyclic
Operation

Finaily, we will consider the basic cyclic process
depicted in Figure 4. It is denoted / = A.4 and
obtained by the general rule application to this
specific case.
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Figure 4. Basic Cyclic Process

A composition rule has thus been stated on the
PN-based models set enhanced with input and
output transitions. This is an internal composition
rule obeying the following axioms:

¢ Axiom 1 (Associativeness of multiplication)

(4.B).C = A.(B.C)
e Axiom 2 (Existence of an identity element )
A1 = A4 and 14=4

Remark 2 The multiplication is not
commutative:

AB#BA

Let the behaviour of the workstation depicted in
Figure 5(a) illustrate our algebraic approach. The
components of the system are:

e abuffer (5, ) with capacity of three locations,
* a workstation with two identical machines (M), )

T @

(a)
P, P

O—

T; P T P T,

(b)

Figure 5. A Workstation: (a) Scheme;  (b)
Petri Nets Based Model

Each of the above-mentioned elements can be
represented by a cycle, as follows:

Sy =As. By. Ay
‘M‘g ZAM . BM .AM
E,ﬂ = S;‘ M/A :“45‘. B\ AA\‘ . AM . BM . AM

Remark 3 The use of the parentheses in the
above-mentioned expressions is useless, due to
Axiom 1.

Studies in Informatics and Control, Vol. 6, No. 4, December 1997

b. Parallel operation is naturally defined by
parallelling the two models depicted in Figure 2
(Figure 6). The corresponding algebraic
operation is an additive operation, denoted as A
+ B.

The associated coupling mechanism consists in:
e The reunion of the input transitions of the
models 4 and B, Tai and Thi, makes the input
transitions set of the coupled model 4 + B.

e The reunion of the output transitions of the
models 4 and B, Tao and Tho makes the output
transitions set of the coupled model 4 + B.

T P TS

]

" P, T

Figure 6. Parallel Operation of Basic
Primitives

This is an internal composition rule obeying the
following axioms:

e Axiom 3 (Associativeness of addition)
(A+B)+C = A+(B+C)
e Axiom 4 (Commutativity of addition)
A+B = B+4

e Axiom 5 (Existence of zero element) (empty
structure - @)

A+ @ = @ +A4=4
* Axiom 6 (Idempotency of addition)
A+4=4

TiS P, Tcs
}_.( )._.” As
| ‘ P,
M,
) Bu
Am
Tim PZ Tum
(a) (b)

Figure 7. Buffer Parallelling Three Machines:
(a) Scheme; (b) Petri Nets-based Model

Figure 7 (a) depicts a parallelling process of :
e abuffer (S;) with an infinite capacity,
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e a workstation with three identical machines

(M;).
The corresponding PN-based model is given in
Figure 7(b). The corresponding algebraic

expression is
E; = A_\‘ + AM- BM . AM

Remark 4 Top priority should be given to the
operation .’ with respect to the operation “+”
while evaluating an algebraic expression.

c. Sequential-parallel operation allows us to
associate sequential and parallel operating
systems. Let suppose a sequential operation of
the systems in Figure 5 and Figure 7 (see Figure
8). Our main target is to get a corresponding PN-
based model using algebraic operations and
disregarding the PN-based submodels.

S

Figure 8. Sequential-Parallel Operation

Considering different types of involved elements,
we may identify:

S;=A4,.4;. A, (buffer S));

M, =A4;. A,. A; (workstation M,);

S, = A; (bufter S-);
M,=As. A-. Ay (workstation M,).

The algebraic expression associated with the PN-
based model in Figure 8 is:

E_;:S Mf.(Sg+M2)

Note that an equivalent algebraic expression can
result from applying an easy-to-check axiom:

e Axiom 7 (Distributivity of multiplication
with respect to addition):

A (B+C)=4.B+4.C
(A+B).C=A.C+B.C

also depicted in Figure 9.

Remark 5

- One statement does not follow from another,
due to Remark 2.

- The first statement allows to model a conflict,
while the second one allows to present an
accumulation of tokens in a place.

364

Consider once again the system represented in
Figure 8. Its equivalent associated algebraic
expression

M, . S;+S8,. M, . M,

enables us to develop the Petri net in Figure 10.

Tai a Tao Tei o TH
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Thi n_’( ’_‘{ s TEZ 4 )'_‘ﬁ
= oy
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N

?

=
w
a

(b)
Figure 9. Right (a), Left (b) Distributiveness
of the Multiplicative Operation with Respect
to the Additive Operation
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Figure 10. The Petri Nets-based Model
Associated with the System Depicted in Figure 8

Remark 6
- A given algebraic expression let us obtain
several equivalent expressions, with the same real

Studies in Informatics and Control, Vol. 6, No. 4, December 1997



system, but with different PN-based associated
models

- Starting with a given algebraic expression, a
bijective development of a PN-based model
requires a maximum factorization as a support to
the develepment of a minimum graphical
representation, that implies its uniqueness.
Finally an extra property should be noticed:

e Axiom 8 (Absorbing zero element)

A. &= @ A=
Therefore, a dioid structure [Bacelli et al, 1993]
has been induced by the above composition rules.
Dioids lie somewhere between conventional
linear algebra (which shares combinatorial
properties with ) and semilattices (which shares
the features of an ordered structure with). One
may expect that the results of linear algebra
depending only on combinatorial properties be
generalized to the above structure. Thus a
decisive argument for the correctness of the
envisaged step-wise synthesis procedure of a new
model and a rigorous basis for the design of the
repository model base to be dealt with in the
sequel, has been provided.

4. Layered Architecture for
Petri Nets - based
Multifacetted Modelling

Let us proceed now on reinterpreting Zeigler’s
repository model base concept and model
integration scenario in terms specific to the PN,
using the above algebraic approach as a basis of
our implementation.

The main characteristics and benefits of our
approach have previously been discussed in [Alla
et al, 1997].

We should notice that the coupling rules given in
the above-mentioned paper are closely related to
the coupling rules introduced in our algebraic
approach. Moreover, we are now in the position
to prove the free monoid structure of the atomic
models set (Layer 1 - Figure 11) endowed with
the sequential composition rule (due to Axioms 1
and 2) and the commutative free monoid
structure of the above set endowed with the
parallel composition rule (due to Axioms 3, 4
and 5). The universality property of the above
free monoids is of high relevance to our aim to
prove the correctness of the proposed approach.
Let consider the main components of Layer 2
starting  with  their  associated  algebraic
expression, and take an insight into both the PN
structure of the components and of the resulted
CM. How to synthesise the overall coupled
models associated with several major types of
production systems components, is shown.
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Figure 11. Atomic Models

1. Coupled associated with
workstations.

a. Dedicated workstation (WS1) with infinite
capacity input (S1)/output (S2) stocks is fully
described by the algebraic expression E4. This
provides the PN model depicted in Figure 12.
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Figure 12. Dedicated Workstation:

(a) Compressed Model; (b) Expanded Model;
(¢) Structure of the Component /Global Model
and Synthesis Steps

b. Multi-tasking workstation (WS1) with
infinite capacity input (S1)/output (S2) stocks
assigned to each task type could be algebraically
represented by expression £5 which allows us to
get the PN model depicted in Figure 13. Only the
compressed aspect is represented.
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Figure 14. Parallel Multi-tasking
Workstation: (a) Compressed Model; (b)
Synthesis Steps
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Figure 13. Multi-tasking Workstation:
(a) Compressed Model; (b) Structure of the
Component/Global Models and Synthesis
Steps

¢. Parallel multi-tasking workstations
(WS1,..., WSn) with infinite capacity input
(S1)/output (S2) stocks assigned to each task type
are fully described by the algebraical expression
E6. This supports the construction depicted in
Figure 14. Only the compressed aspect is
presented.

m n
E6= & (S1(k). 2 WSi.

ko= 1 i = |

S2(k))

d. Test station (WS1) with infinite capacity
input (S1)/ output (S2) stocks, each output stock
being assigned to a specific result revealed by the
above-mentioned test, could be algebraically
represented by expression £7. This provides the
PN depicted in Figure 15. Only the expanded
aspect of this model is represented.

3
2 BOp

Jo=1

E7=51.W51.
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Figure 15. The Test Station: (a) Expanded
Model; (b) Synthesis Steps

2. Coupled models associated with the
transportation system. The conveyor model
could be described using the algebraic expression
ES&, with k denoting the capacity of the conveyor,
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which leads to the model depicted in Figure 16
(in case k=2).
k
E8= [Twsi(i)

R R SN 3 Ha iz B R
4'5!? Edit_Patamcters Simulation fesultsAnct_Options _ Windaw
WEL (LY Us1¢2>
Tii Pi1 Tel Ti2 P12 To2 T1 P11 1F P12z Ta
k-0 b0 - 040
. i ) “\ P W 7
R 1 Ny
&) ) ) @
P21 P22 P21 rz2
Cad < b
(a)

WSI(1).WS1(2)

The algebraic expression, F, associated with this
system is easily deduceable based on Figure 17:

E=(/].S,'+S‘p).A4/A[S_1‘Mj.(S;"’M;)"‘MgJ

Starting  with  this maximum factorized
expression, E, the overall Petri nets-based model
depicted in Figure 18 is reached.

Station (M) Station (M)

Figurel7. A Production System Description

Consider the example in Figure 17 which consists
of three workstations: a production station, a test
station and an assembly station. Parts arrivals are
checked on the input. A normal processing phase
is followed by a test for a partition of the parts set
or by an assembly operation for another partition.
In its turn, the parts set leaving a test station is
split into several partitions: faulty parts to be
further processed and normal processed parts to
enter an assembly operation. Then the assembled
parts leave the system.
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(b) Input Stock (M) | Input Stock (M)
(5) (53)
Figure 16. (a) The Model of the Conveyor; m{; oy | A0 ‘T"’! (Tad| AT (T LLEUA LA
(b) Structure of the Component/Global utput (Tot| (T [T Tal] 1Tl (TeTal | 4T
. ons| 7, }
Models and Synthesis Steps Place | {Pwl| (PPl |iPa Pa| 1P PuPo] | {F0 Pyl
Set
(b)
5. Example
S [IS S LSSl SaMy| SieM, | SuMy | S M, E
1 M, (Si+My) | (S+My)
Normal Processed Parts N M,
~* Finite Capacity Stock (S,) 1 e W I OO I R =] 40
i Test Station (M) — J (1)
| O T = T T T A
| ¥ Faulty Parts | e LI I LT BT L=
7 p ; : [ 17}
1 !nﬁnlte CapaClty StOCk (52) )' | Fusion | {P,. 1P\, Po| (P Py [P Pe] (Py, Pa T (P, P, F
| I Tran- | Py | Py} | Piy Py, Py} Ps, Pel | Po PoPs, | Po Py Py,
j sitions Pyl Py} Py, Py} Py, Py}
/ ett )
Place 11T} Ty 1Ty [T, 1Ty
Set T} T
QOutput -
7_7(/_; -.- (c)
Input (1) * Production *»  Assembly

Figure 18. (a) Petri Nets-based Model
Associated with the Global System;
(b) Structure of the Component Models;
(¢) Synthesis Steps and Structure of the
Partial/Global Models

*) 2= The Overall Network Place Set

6. Conclusion

The major contribution of this paper lies in its
proposing a smart representation of the general
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structure of DES, to allow a concise description
of large complex systems. This was done in an
attempt to improve the performance of modelling
and analysis of present-day complex production
systems, while rendering them as natural as can
be. The availability of an algebraic expression
subject to further investigation of its structure
will make the structure of the system more
readable, while the corresponding PN-based
model could render it totally illegible. Thus all
the graphical constructions required in
modelling a discrete event system are discarded.
Further research will try to extract new properties
by taking most advantage of the algebraic
structure. The definition of a minimum algebraic
representation, so that two different PN-based
models could be associated with this algebraic
expression, is aimed at. Thus the equivalence of
two PN-based models having different graphical
representations will be proved.
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